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Abstract

With the advantages of no backlash, no accumulative ermicampatibility with vac-
uum and clean environment, flexure parallel mechanisms @jRklve been employed in
high-precision positioning systems in optics, micro/nanale metrology and manufac-
turing, semiconductor production and biology applicasioit his thesis focuses on the
study of XYZFPMs with decoupled kinematic structure, large motiorgeaand high
positioning precision. A new type of prismatic joint is dgsed, with the advantages
of having a large motion range, no parasitic motion, noestifig, no buckling and a
symmetric structure. An exact modeling method of the largsion prismatic joints is
proposed for the stiffness and dynamic models. Structuméhegis ofXYZFPMs with
large motion range and decoupled kinematic structure diesiu Different from the
structure synthesis of rigid-body mechanisms, the passibhfigurations are proposed
based on the Screw Theory, with the consideration of limoitetand characteristics in-
herent in flexure mechanisms. In flexure mechanisms, thieadrgtatic performances
include stiffness, workspace, stage size and parasititomoflhe stiffness models of
these synthesized structures are formulated. The defirofionotion range is proposed
based on the workspace and the stage size. A dimension aatiori approach based
on these static performances is generalized. Based on gleesealized study of flex-
ure mechanisms, a 3-PP& ZFPM with large motion range and decoupled kinematic
structure is developed, covering structure design, dimergptimization, exact model-
ing and robust control. The experimental results show taBtPPPXYZFPM has a
large workspace of.3mm x 2.3mm x 2.3mm and a large motion range &fo. The
decoupled kinematic structure is verified, with the maxinaross-axis error % and
the maximum parasitic rotation af5mrad. The hybrid position and vibration control
algorithm using the . -theory solves three common problems of flexure mechanisms,
i.e., unmodeled uncertainties due to the difficulty of exaotleling of high-order mode

shapes, high sensitivity to the external disturbances,vémdtion caused by inherent



low damping. Using the designed controller and verified leye¢kperiments, the posi-
tioning precision of).1um is achieved, and the settling time is shortened.ia after

vibration suppression.
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Chapter 1

Introduction

1.1 Motivation

As defined in Salamor] and Howell [p], a compliant mechanism is one which gains all
or part of its mobility from the relative flexibility of its mmbers unlike as in rigid-body
mechanisms. The Webster’s definition of the word “compfigmtready or disposed to
comply: submissive”. It is for this reason that the usageaooifipliant mechanism” to
refer to this class of mechanisms is deemed as approp@at€pmpliant mechanisms
are desirable because, as noted by H¢iahd Sevak and McLarnar], they require
fewer parts and have less wear, noise, and backlash thanitidibody counterparts.
Her and Midha 9] add that the field of compliant mechanisms will continue tovgas
stronger and more resilient materials are developed. SIoo®liant mechanisms uti-
lize their flexure hinges, in some studies, compliant meidmas are also called flexure
mechanismsl0] [11].

Studies and invasive surgeries of cells and tiny biologiissiue are important for re-
search in biology, physiology and biomechanics. They aitecal to the health and
functions of tissues and organs of the body. Therefore, flseormstruments with high
precision are needed. Flexure mechanisms with the adwestEgho backlash, no ac-
cumulative error and high precision, provide a good solutibhe Center of Research
in Microengineering leaded by Mencias$?] has designed a microgripper (shown in

Fig. 1.1(b)), and applied it in microsurgery of microtubes (shown in.Rig.(a).

2
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Polsrrenic MG
I i

(a) Microsurgery under microscope (b) Flexure-based microgripper

Figure 1.1: Flexure mechanisms’ application to microsmyrge

Micro-manipulators have also been increasingly impoiitasificon cutting, wire bound-
ing and chip assembly in the semiconductor industry. Th&ipagg precision of flex-
ure mechanisms can reach nano-scale, and they have beasieste utilized. The
nano-scale cutting machine for silicon wafer has been wboke: by Furutani13] (shown

in Fig. 1.2).

In the space operations, the gravity is approximately zetoch makes lubrication of
devices impossible. Flexure mechanisms with the advardage need of lubrication
can be extensively used in the field of aerospace. The SwisteCler Electronics and
Microtechnology (CSEM)14] applied flexure mechanisms to the space meteorological

interferometer (shown in Fid..3).

Flexure mechanisms can also be applied to optical fiber mkgm. The coaxial degree
error of two connected optical fiber components affects tivegp transmission through
the optical fiber. Usually, the requirement of the coaxigrée for a single-mode optical
fiber is higher that.5m. Optics for Research (OFR}}] has used flexure-based fine-
tuning stage (shown in Fid..4(b) to mount the splitters.

Prompted by applications in micromanipulation, studiesigi-precision flexure-based
micromanipulators have been important. Development offltheire-based microma-
nipulator covers mechanism design, modeling and controlwéver, there are several
problems in the current research of flexure mechanisms,eiragipects of mechanism

design, modeling and control.
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Base platform Specimen

Stacked . s
piezoelectric Eddy cusrent
actuator dizplacement sensors

Displacement
magnification mechanism

Figure 1.2: Flexure mechanisms’ application to nano cgttivachine

CC Reflector | )
(ot shown) | B

Mokile Stage

Mobile Stage Z T
Flexurs Blades

Compensation Stage
Flexure Blades

(a) Corner cube mechanism (CCM) for a

(b) Cross section of CCM

space meteorological interferometer

Figure 1.3: Flexure mechanisms’ application to aerospace

(a) A walk-off polarizer application (b) Flexure-based 3-axis aiming base

Figure 1.4: Flexure mechanisms’ application to opticalrfédenment
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In the aspect of mechanism design, there are two problems.fifidt problem is the
limited workspace. Most of the current 6-degree-of-freed®OF) and low-mobility
flexure mechanisms have the limited workspaces in the sdabe below 100um x
100um x 100pm. In some micro/nano-manipulations, such workspaces cast the
requirements, such as cell surgery, MEMS assembly, etc.ederyvin other microma-
nipulations, larger workspace is required, such as miopscoptical alignment, etc.
The workspace near and more thanm is regarded to be large in the micromanipu-
lation. The conventional rigid-body manipulator canndtiage both the workspace in
the scale of millimeter and the precision in the scale of salonmeter. Thus, flexure
mechanisms with large workspace in the scale of millime&ome important in the
view of both research and practical applications. The sgqooblem is the coupled
kinematic structure. Most of the current multi-DOF flexureahanisms possess the
coupled kinematic structures. In high-precision flexurehamisms, the coupled kine-
matic structure had better be avoided. It is because thadlifficult to exactly formulate
multi-dimensional deformations of flexible components] éme errors due to coupling
are not easy to be compensated. Study on flexure mechanigm$wiy decoupled
kinematic structures is critical to ensure the expectet pumsitioning precision. More-
over, among the current decoupl¥dZflexure mechanisms, mechanism design is on
case-by-case basis. Thus, the systematic study on dedoXig&flexure mechanisms

becomes necessary.

In the aspect of modeling, exact modeling methods for flexumges have been for-
mulated by Lobontiu6], as well as an approximate modeling approach, pseudd-rigi
body (PRB) method]7], for flexure mechanisms. However, there is no exact modelin

method for both statics and dynamics of complete flexure ar@sms.

In the aspect of control of flexure mechanisms, there aresthreblems needed to be
solved, i.e., unmodeled uncertainties caused by modeliffigulty and omission of

high-order mode shapes, vibration due to inherent low dagpf flexure mechanisms,
and high sensitivity to external disturbances. High positig precision and fast dy-
namic response can be ensured simultaneously, if the ahoe problems are solved
in one designed controller. The conventional and the cumemanced control algo-

rithms concentrate on either position control or vibrawontrol of flexure mechanisms.
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Thus, the hybrid controller with both position control anfiration control for flexure

mechanisms becomes necessary.

1.2 Obijective and Scope of Research

Inspired by the practical application and the researchssityethe study oKY Zflexure
parallel mechanisms (FPMs) with large motion range andw@ed kinematic structure

becomes critical. The main issues in this research arerdliesl in Fig.1.5.
Structure synthesis

Low-mobility flexure mechanisms with decoupled kinematrastures have the advan-
tages over multi-DOF and coupled flexure mechanisms, walctnsideration of high
precision. The current studies of decoup¥dZFPMs are based on the case by case. In
this research, the configurations of decoupt&tFPMs are synthesized, and the limi-
tations common in flexure mechanisms are investigated. I&maously, the feature of
large motion range is also what we are concerned. The larg@m@nge is given a
guantitative definition, balanced between the workspadelaa stage size. A new type
of prismatic joint with large motion range is designed andleated by the given defini-
tion. Applying the new type of prismatic joint, the syntha=iXYZFPMs can achieve

large motion range.
Dimension optimization

In flexure mechanisms, the static performances are crifidahy studies of optimal de-
sign aim at obtaining the satisfactory static performantégs main static performances
can be summarized as stiffness, workspace, stage size eaxitjganotion. These four
parameters are all determined by or related to the dimessibflexure mechanisms.
The current studies of dimension optimization do not cosisall of the static perfor-
mances. Thus, the dimension optimization method consigaii of these static perfor-
mances is generalized, and the relationships of these franmeters are stated by the

several given definitions in this research.

Exact modeling
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Study of XYZ-FPMs with large motion rang and
decoupled kinematic structure

|

: Structure Dimension
| synthesis optimization
|

|

|

S S A S ——)

Development of 3-PPP XYZ-FPM

\

Robust position control and vibration
control of 3-PPP XYZ-FPM

Figure 1.5: Main issues in this research

PRB method is a quick and approximate solution of modelimgléivation of stiffness

and dynamics. It is quite convenient in design stage, sualsaed in dimension opti-
mization for obtaining the optimal dimension values by gg/a simplified formulation

describing the target performance. However, PRB is notratetenough for control
usage. More accurate the analytical dynamic equationghigiecision the closed-loop
system. The current exact compliance formulations onlysictar flexible hinges, not
complete flexible structures, and are not yet easy to beapdi dynamics modeling.
In this research, an exact modeling method is formulatedédh static and dynamic
analyses of th&XYZFPMs.

Development of 3-PPPXYZFPM

Based on the systematic studiesXd@ZFPMs, i.e., structure synthesis, dimension opti-
mization and exact modeling, a 3-prismatic-prismaticqmatic (PPPXYZFPM is de-
signed, modeled and fabricated. The 3-PPRZFPM has the advantages of large mo-
tion range, decoupled kinematic structure and small pacasiotion. The mechanism

design, optimal design and exact modeling are verified begxiperimental results of the
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3-PPPXYZFPM.
Hybrid position and vibration control with high robustness

The three common problems in flexure mechanisms, unmodelegttainties, sensitiv-
ity of external disturbances and small damping, deteroitat positioning precision and
fast response. They are expected to be solved simultaiyeioushe controller. The
current controllers solve either position control or viwa control. In this research, the
hybrid controller is designed, with position control to eresthe tracking performance
and vibration control to suppress oscillation. In the mdaitey high robustness of the
controller is achieved. The hybrid controller with robueste solves the above three com-

mon problems, and is implemented in the developed 3-RPPPFPM.

1.3 Overview of Chapters

The remaining chapters of this thesis are organized asisllo

e Chapter 2 reviews some previous studies in the areas ofwsteLsesign, modeling

method and control algorithm.

e Chapter 3 addresses structure synthesis of the largeadespent and decoupled
XYZFPMs. Moreover, the fundamental components of largeangprismatic

joints are investigated, and a new type is designed.

e Chapter 4 formulates the stiffness models of the synthé3{X&FPMs in Chap-
ter 3. An exact modeling method for the designed large-matiismatic joint is

proposed for both static and dynamic analyses.

e Chapter 5 proposes a generalized dimension optimizatiproaph based on the
static performances of flexure mechanisms. The structwigaef a 3-PPIXYZ
FPM with large motion range and decoupled kinematic stnecisi conducted.
Dimensions of the 3-PPRYZFPM are determined using this approach. The exact
model of the 3-PPRYZFPM is also formulated using the exact modeling method

proposed in Chapter 4.
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e Chapter 6 discusses the prototype of the 3-BRRZFPM and the experiments.
The experimental results show that the proposed 3@¥PFPM is large-motion
and decoupled, and the nonlinear modeling method is morgaecthan the PRB

method.

e Chapter 7 presents design and implementation of the rolomstad algorithm to

achieve a high positioning precision @fl m and less vibration.

e Chapter 8 addresses conclusions, contributions and fuioiles.



Chapter 2

Literature Review

This chapter surveys the current research on the flexurdb@scromanipulators, in
terms of mechanism design, modeling and control. The nigedghis research work

is also elaborated.

2.1 Flexure Hinge

In rigid-body mechanisms, the desired motions at the efetteflr are achieved by func-
tion of assembled prismatic (P) joints, revolute (R) jointsiversal (U) joints and spher-
ical (S) joints. As the counterparts of these joints in rigmbly mechanisms, flexure
hinges are most flexible components in flexure mechanisnts,nastions of flexure

mechanisms can be achieved mainly through deformationsxairié hinges. In flexure
mechanisms, single- and multi-axis flexure hinges can fonas revolute joints and
spherical joints, however, there are no flexure hinges taatbe directly used as pris-
matic joints. Prismatic joints are achieved utilizing treragdlelogram structures, which

will be introduced Section 2.2.

2.1.1 Single-Axis Flexure Hinge

Leaf springs are earliest studied and applied among flexageh. Leaf springs under

different loads and different constraints are studied bytlsfd 8. Its sensitive axis is

10
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sensitive axis sensitive axis

®® ®®

(a) Leaf spring (b) Circular
y=f(x): elliptical/parabolic/
hyperbolic funtion

sensitive axis

Q®

Q®

sensitive axis

(c) Conic (d) Corner-filleted

Figure 2.1: Single-axis flexure hinges

perpendicular to the plane in Fig.1, and its sensitive motion is bending about the sen-
sitive axis. The sensitive axis is defined as the axis alorgarnd which the stiffness is
minimum. The nonsensitive axis is defined as the axis alorayarnd which the stiff-
ness is relatively large. In design of flexure mechanisnessénsitive-axis deformation
should be utilized to achieve the desired motion, and theewmsitive-axis deformation
should be avoided. The advantage of leaf springs is thatdaeyachieve large motion
range. Nevertheless, their lengthwise axis stiffnessgelgprone to buckling under the

axial compressive load and stiffening in the presence oaa tensile load.

To increase the stiffness ratio of the nonsensitive axi©éosensitive axis, many re-
searchers develop and study new flexure hinges with ebiptarabolic, hyperbolic
and corner-filleted cross sectionsg]. Their sensitive axes are also perpendicular to
the plane in Fig2.1, and the sensitive motions are bending about the sensikie® a
Stress concentration usually occurs at the surface of thadkt portion, which limits

the maximum bending.
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(a) Two-axis eccentric flexure hinge (b) Two-axis concentric flexure hinge

Figure 2.2: Two-axis flexure hinges

(a) Three-axis eccentric flexure (b) Three-axis concentric flexure

hinge hinge

Figure 2.3: Three-axis flexure hinges

2.1.2 Multi-Axis Flexure Hinge

Multi-axis flexure hinges can be categorized into two tymEsentric and concentric.
As illustrated in Fig.2.2, universal flexure hinges have eccentric and concentuc-str
tures fL9]. The first type is a serial combination of two single-axix@iee hinges. For
compactness required in some applications, the secongwyhieconcentric structure is
developed. Similarly, spherical flexure hinges also haeewiric and concentric struc-
tures [L9, 20], shown in Fig.2.3. Usually, concentric structures are complicated to be

fabricated.

2.2 Flexure Mechanism

There are many flexure mechanisms in the current researekurélmechanisms can be
categorized as different types according to differentsifecmtion viewpoints. Classified

by the principles of the actuation manner, the contact naaune the structure type, the
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Revolute joint

Cable connected
to VCA

Figure 2.4: 2-DOF five-bar mechanism

current studies of flexure mechanisms are introduced asAfsll

2.2.1 Flexure Mechanism Classified by Actuation Manner

According to the actuation manner, flexure mechanisms caategorized as the linear-
actuated and the rotary-actuated types. In linear-actbeure mechanisms, actuation
forces are applied at the ends of mechanisms, and all of #dxages are passive. For
example, the 2-DOF five-bar micromanipulator, designed bidfarb [21] (shown in
Fig. 2.4), is linearly driven via cables pulled by voice coil actuatolhe 3-DOF bridge-
type manipulator, designed by KirgZ] (shown in Fig.2.5), is linearly actuated by the
piezoelectric (PZT) tube. The workspaces of these flexurehar@sms are limited by

maximum elastic deformations of all passive flexure hinges.

Another type is rotary-actuated flexure mechanisms, dpeelby Ceccarellid3] (shown
in Fig. 2.6). In the 3-RRU manipulator, two revolute flexural joints imcé limb are ro-
tarily actuated by two SMA lines. Thus, the two revolute fle{yoints are active. Com-
pared to the above type of flexure mechanisms in which all eéifeehinges are passive,
the active-flexure-hinge mechanism has the feature of laagkspace. It is because that
the rotary actuators mounted on flexure hinges reduce stoesentration by enforcing

change of elastic deflection of flexural joints.
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Figure 2.5: 3-DOF bridge-type mechanism

Figure 2.6: Binary actuated parallel mechanism
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2.2.2 Flexure Mechanism Classified by Contact Manner

According to the contact manner, flexure mechanisms canassitied as the contact-
aided and the non-contact types. Most of flexure mechanisengsaially designed and
used in their linear areas, in which the input of force or @dispment and the output of
displacement can be approximated using a straight linemiples can be found in the

platforms mentioned in the next section.

In another situation, the relationship between the inpul thie output is not required
to be linear, and nonlinear relationship is demanded. Meality can be achieved by

contact-aided flexure mechanisms, e.g. Big[24].

Figure 2.7: Contact-aided planar mechanism

2.2.3 Flexure Mechanism Classified by Structure Type

Similar to rigid-body mechanisms, flexure mechanisms hawersl commonly used
structures, i.e., 6-DOEY 0, 0x0y Z andXYZ XY, and 1-DOF platforms.
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Figure 2.8: 6-DOF fine-motion Stewart platform
6-DOF Platform

A 6-DOF fine-motion platform (shown in Fig.8) developed by Oiwad5] is the compli-
ant counterpart of the rigid-body Steward platform . Theilsinsix-SPS-limb structure

is used. The prismatic joint is actuated by the built-in PZfuator.

The 6-DOF nano-manipulation platform designed by MIT resiegroup R6] is a serial
combination of two parallel stageXx'Y 0, andfx6y Z platforms (shown in Fig2.9).
The translational workspace can reddbum x 140um x 140um, and the orientational

workspace can achie@4° x 2.4° x 7.6°.

The 6-DOF nano-manipulator with planar structure (showrigi 2.10 is designed by
Culpepper et al.47]. The two-axis magnetic actuators are used to accompligliteine
and out-of-plane actuation. The nano-manipulator wasraxjgatally proved to possess
the resolution obnm in the small-scale range abH0nm x 100nm x 100nm, and the

motion error less thah.2% in the large-scale range ®00m x 100um x 100um.

3-DOF Platform
XY#0, Platform

Most of XY 8, platforms have planar structures. For example,28| jhas designed a

planar XY 0, platform, which has the workspace ti0um x 100um x 0.1° (shown
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Figure 2.9: 6-DOF hybrid nano-manipulator

(1) in-plane actuation
(2) out-of-plane actuation

Figure 2.10: 6-DOF nano-manipulator with planar structure
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Coupling part of link piezo-actuator
and piezo-actuator

(a) Prototype of 3-RRR Y 0, platform (b) Schematic of 3-RRKY 6, Stage

Figure 2.11: 3-RRRXY 6, platform

movable plate

dual-leaf flexure

hinge flexure

fixed plate

Figure 2.12: Leaf-based Y0, platform

in Fig. 2.11). The stiffnesses of the translational motions along theixd Y-axes are
9.50N/mm and9.45N/mm, and the stiffness of the rotation about the Z-axis($2.N -
m/deg.

A planar XY 0, platform (shown in Fig2.12 using three folded leaf spring has been
worked out by ChenZ9]. Within the range ofi5.m in translation and.07° in rotation,
the deformation shows a good linearity to the applied fofde stiffness of the transla-
tional motion is19.38 N/mm and that of the rotation is1.62mN - m/deg. This flexure
platform is experimentally proved that it has a potentigdlegation to the optical switch

assembly.

A spatialX'Y 0, platform (shown in Fig2.13 using leaf springs is developed by Ch&0][
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Figure 2.13: SpatiaK'Y 6, platform
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(@) pivot ) universal joint
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(a) Prototype of Orion miniangle platform (b) Schematic of Orion miniangle platform

robot output

Figure 2.14: Orion minangléy 6y 7 platform

This spatial structure avoids the problem of flexure bugklifhe translational workspace
is £50um x £50um, and the rotary range isdmrad. The X-axis translational motion
is activated by one electromagnetical actuator along thexiX; and the Y-axis trans-
lational motion is pushed synchronously by the two elecagnetical actuators along
the Y-axis. The rotation about the Z-axis is actuated asymgusly by the two same

electromagnetical actuators along the Y-axis.
0x 0y Z Platform

Limited by manufacturing technology and with the consitieraof time-exhaustive
computation for coupled kinematics, multi-DOF flexure metms are replaced by
low-mobility flexure mechanisms arranged in seridl 6y Z platforms are one com-
mon type of low-mobility structures. Most @fy0y Z platforms have spatial parallel
structures. For example, EPFL groi] has worked out @6y 7 platform (shown in
Fig. 2.14) with the rotation range of-15°. The three pivot sliders are connected to the

linear actuators.
XYZPlatform

XYZ platforms are another type of low-mobility structures. I[RP] worked out a
3-RRPR compliant micromanipulator (shown in F®15 for gene injection. The

workspace is about00um x 400um x 400um, and the repeatability reached ym.
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(a) Prototype of 3-RRPR compliant microma- (b) Schematic of 3-RRPR compliant micro-

nipulator manipulator

Figure 2.15: 3-RRPR compliant micromanipulator

However, the kinematics of this structure is coupled.

Koseki [33] proposed a 3-limb parallel structure (shown in R2dL6) for a translational
3-DOF flexure mechanism. Three PZT actuators are mountedsio fhe middle plate

of the limb. However, this structure is also coupled.

TheXYZDelta platform (shown in Fig2.17) with the dimension 0200mm x 200mm x
200mm studied by Clavel et al.34] has a large workspace more thenm x 1mm x
Imm and a high positioning precision afinm, and the linear stiffness BON/mm.
The XYZplatform utilizes an isotropic structure to achieve theéhdecoupled transla-
tional motions, and this characteristics simplifies thetadralgorithm without complex

decoupling calculation.

2-DOF Platform

XY platforms have planar structures, and are actuated irepl@ne main problems are
the cross-axis error and the rotation error in-plane. Tghosynthesis and with the
consideration of small cross-axis error and small rotagmor, Awtar [LO] designed
a large-displacement and small-parasitic-mot¥ platform with the dimension of
300mm x 300mm (shown in Fig.2.18. The workspace can reaélmm x 5mm. This
platform is of symmetric structure and under symmetric t@msts, therefore its cross-

axis error is on the order of one part in one thousand and yew isron the order of a
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(a) Prototype of translational 3-DOF (b) Limb of translational 3-DOF

micro-parallel mechanism micro-parallel mechanism

Figure 2.16: Translational 3-DOF micro-parallel mechanis

/

¥YZ end effector ' )

b) Prismatic joints of XYZ Delta
(a) Prototype oXYZDelta platform () :

platform

Figure 2.17:XYZDelta platform by EPFL
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Intermediate
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(a) Schematic oKY Platform (b) Prototype oiXY Platform

Figure 2.18:XY platform

few arc second.

Single-DOF Prismatic Joint

The prismatic joint is expected to generate a linear motigdhout parasitic motions,
when a linear force is applied. The parasitic motion in thsrpatic joint is defined as
the cross-axis coupling between the two translational onsti The conventional pris-
matic joint [35] is shown in Fig.2.19(a) The drawbacks of this type of prismatic joint
are parasitic motion and small motion range. When there B@6-constraint perpen-
dicular to the actuation direction, the parasitic motioongl this direction will occur.
When the DOF-constraint perpendicular to the actuatioaction is applied, the axial
tensile load will be generated in flexure hinges, which ldadsear stiffness increas-
ing of the prismatic joint. The improved prismatic joir85, 36] in Fig. 2.19(b)solves
these two problems. However, its drawback is the asymmsticture without uniform
thermal expansion. To solve the asymmetry problem, suchidesatical joints can be
combined to form a symmetric prismatic joint (shown in F2g19(c), and the linear

stiffness is doubled.

Another type of prismatic joint (shown in Fig.20 was designed by Kote8[]. This
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Figure 2.19: Prismatic joints
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Figure 2.20: Large-motion prismatic joint by Kota

type of prismatic joint has the advantages of large motioea small axis drift, less
stress concentration, high off-axis stiffness and commesst. The drawback is difficulty
of fabrication using metal material cutting by wire eleetlischarge machining (EDM)
as described in37], and it was fabricated using plastic injection molding.nde, the

stiffness of the mechanism will be limited by its material.

Lobontiu [38] designed a new type of prismatic joint (shown in Fy21) that can be
easily fabricated. However, the prismatic joint cannotce large motion, because the
notch hinges will bear the axial compressive loads when aheet are exerted on the
two lateral stages. Moreover, the large axial compressi@dd may lead to buckling in

the notch hinges, when the axial compressive loads incteaseritical value.

2.2.4 Contributions to Mechanism Design

In the above sections, design of flexure mechanisms has heestigated. However,

there are several problems summarized from the currerdnese

Problem of Single-DOF Prismatic Joint

In Section2.2.3 five types of prismatic joints have been investigated, tiheaatages
and disadvantages of the five prismatic joints are evaluatéite aspects of buckling,

stiffening and parasitic motion, listed in Tallel. Before addressing the advantages and
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Figure 2.23: Stiffening

disadvantages, here the definitions of buckling, stiffgr@and parasitic motion are given

to facilitate understanding the problems.

Buckling is defined as a phenomenon of structural instghalitaracterized by loss of
the equilibrium state when the external load reaches aafriialue L6]. The external
load mentioned here is specifically referred to the extecoaipressive force along the
lengthwise axis. The buckling phenomena is shown in Eig2 The fifth prismatic
joint suffers the problem of buckling, because the inputésrare applied along the

lengthwise axes of the flexure hinges.

When the slender flexure hinge is subject to the combined mbamel the axial tensile
load, the axial tensile load will enlarge the angular-mots#iffness about the sensitive
axis. Stiffness increasing under the heavy tensile loadlisa as stiffening18] (shown
in Fig. 2.23. The first prismatic joint suffers the problem of stiffegirif the movable

stage is constrained along the axis perpendicular to tha@ah direction.

Parasitic motions are generally defined as the undesirabteons. The undesirable
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Table 2.1: Evaluation of prismatic joints
Advantages Disadvantages
easy to fabricate parasitic motion,  stiffen

(small motion range)

large motion range, no pars

sitic motion

-asymmetric  structure (non

uniform thermal property)

‘
o B o

large motion range, no par:

sitic motion, uniform therma

property

h-doubled stiffness

%M%

large motion range, no pars

sitic motion, uniform therma

property

hdow stiffness in non-sensitiv

axis, hard to fabricate

D

==t

no parasitic motion, uniforn

1 buckling

thermal property
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motions can be categorized as many different types. For pbeani the translational
motion of one subject is desired, the motions along or araiher axes are regarded as
parasitic motions. The first prismatic joint suffers thelgem of parasitic motion, if the
movable stage is not constrained along the axis perperdituthe actuation direction,

as shown in Fig2.19(a)

Therefore, in this research work, it is necessary to desigevatype of prismatic joint
which has no the above problems. Design of the new type ofmgatis joint will be

addressed in Chapter 3.

Coupling Problem of Multi-DOF Platform

From the investigation in Sectidh2.3 it can be concluded that the 6-DOF platforms
have a common problem of coupling. In rigid-body mechanjdims analytical models
are possible to be exactly formulated and decoupling cbatgmrithms can be imple-
mented. However, these studies cannot be directly utiizedodel and control the flex-
ure mechanisms. The first reason is that in rigid-body meash#s) the DOFs along or
around the different axes of the joints are independentreasg in flexure mechanisms,
the deformations of flexure hinges are interactional. Heitde difficult to derive the
exact model of the coupled flexure mechanism. The secondnesshat the expected
precision of flexure mechanisms is much higher than thagaf#body mechanisms, and
usually the error caused by coupling may be much larger thaexpected precision in
flexure mechanisms. In control algorithm implementatioig complicated to compen-
sate the coupling error limited by the resolutions of thediares. Thus, coupling in
flexure mechanisms should be avoided to ensure the expectiegitecision. Multi-
DOF motions in flexure mechanisms can be achieved by semabir@tion of several
low-mobility and fully decoupled flexure stages. In gengtiaé low-mobility and fully

decoupled flexure mechanisms are needed to be studied.

Motion Range Problem of Platform

Motion range is another critical problem in flexure mecharsis Concluded from the
flexure mechanisms mentioned in this chapter, most of ther tiee limited workspace
below the scale of millimeter, for example the platforra6][[27] [28] [30] [32] . Few
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platforms can possess the workspace in the scale of mittinfer example the one84]
[10]. However, the large-workspace platforms possess the Eege size. In the micro-
manipulation applications, the platform is expected todmapgact limited by the mount-
ing space. Usually, if the dimensions of flexure mechanisiiease, the workspace will
increase accordingly. Thus, in miniature flexure mechasjghe motion range should
be defined related to not only the achievable workspace battaé stage size. Here we

give the definition of the motion range as follows.

Definition 2.2 Motion range is defined as the ratio of the achievable wa&spo the

stage size,
workspace

mazimum dimensionof stage size
The maximum workspace is determined by the yielding limitleg material. For a
certain stage size, a larger valuefmeans that the motion range is larger. The flexure

mechanisms with a large value @fis regarded to be large-motion.

The low-mobility platforms, introduced in Sectiégh2.3and?2.2.3 are evaluated with
the workspace, the stage size and the motion range (listEabie2.2). From Table2.2,

it can be seen that the workspaces of most flexure mechanisriséged within several
hundred micrometer, and the motion ranges are mostly b&lé@0. It is important to
develop flexure mechanisms with large workspace and larg@mi@nge as well. This
thesis focuses on this issue, and the dimension optimizati€Chapter 5 is based on

these criteria.

Table 2.2: Evaluation of flexure mechanisms

Stages | Workspace Stage size Motion range (8
XY [10] | 5mm x bmm 300mm x 300mm 1/60
6-DOF [27] | 100um  x  100um X | > 100mm x 100mm < 1/1000
100pm

XY0z[28 | 100um x 100pum x 0.1° | > 200mm x 200mm < 1/2000
XY Z[32 | 200um x 400um x | > 100mm x 100mm x | < 1/500
400pum 100mm
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2.3 Structure Synthesis of DecoupleXYZFlexure Mech-

anisms

As explained in Sectio.2.4 the coupling problem of multi-DOF flexure mechanisms
leads to difficulty of exact modeling and compensation. Thusstudy on low-mobility
and fully decoupled flexure mechanisms is important. Amawg-tnobility flexure
mechanisms, th&YZ platform is a fundamental type. Th€YZplatforms can be de-
signed to be fully decoupled, and in such fully decoupleddtires, exact modeling and
precise position control become possible. M platform can be easily incorporated
with other type of low-mobility platform to form a multi-DOplatform, and it also has
the extensive applications in the micromanipulation,udahg the fine-tuning platforms

in microscope and fiber alignment.

In Section2.2.3 severalXYZflexure mechanisms have been introduced, but they are
studied on case-by-case basis. Structure synthe3{¥aflexure mechanisms has been
studied by Arai using Lie Group Theorg9], and 3-3R1P and 3-2R2P configurations
are proposed. Nevertheless, these synthesized struareresupled. Currently, there is
no research focused on structure synthesis of decod&dlexure mechanisms. Thus,
the study on structure synthesis of decouptet¥ flexure mechanisms in this research

work is meaningful.

Structure synthesis of decoupl¥d Zflexure mechanisms can be studied referring to the
approaches for rigid-body mechanisms, i.e., the constsgimhesis approach based on
the screw theory40, 41, 40, 42, 43, 44], and the Lie sub-group approach based on the
algebraic properties of a Lie group of the Euclidean disptaent set45, 46, 47].

Nevertheless, structure synthesis of flexure mechanisn tetally the same as that of
rigid-body mechanisms. Due to limitation of fabricatioraximum elastic deformation,
buckling, stiffening and so on, flexure mechanisms have monstraints on structural
configurations. The methodologies suitable to rigid-bo@ghanisms cannot be directly
applied to flexure mechanisms. The issue of structure sgistioé flexure mechanisms

will be addressed in Chapt8r
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2.4 Modeling Method

Flexure mechanisms are composed of flexure hinges andvedatigid connection

links. The modeling approaches can be categorized intoypest In the first method,
the lumped-compliance type, all deformations are regatddze concentrated in flex-
ure hinges, and the connection links are considered as figithe second method, the
continuous-compliance type, flexure hinges and connelitiks are both regarded to be

flexible.

In the first method, modeling of flexure hinges is critical. Asntioned in Sectio@.1,
flexure hinges have four types classified by the cross seaten leaf spring, circu-
lar, conic and corner-fillet. SmithLB] has formulated deflections of leaf springs un-
der different loads and different constraints, includihg aixial compressive forces, the
combined axial and tangential loads, and the combined ar@kangential loads plus a
moment applied to the free end. Modeling of circular-, cemied corner-fillet-sections
flexure hinges is more difficult than that of leaf springs,diese the cross-section area
of notch hinges is variant. Paros and Weisbdif] jused basic beam theory to derive
deflection of the circular-section notch hinge (shown in. R@4). The notch hinge is
assumed to possess 5 DOFs, i.e., three translational DORg #ile X-, Y- and Z-axes,
and two rotational DOFs about the Y- and Z- axes. The compdianatrix 6 x 5) of
the 5-DOF motions has been derived, and can be used to daladé#ections at the
free end. Based on Paros and Weisbord’s study, Lobof6lgxtended compliance
study to notch hinges with tdifferent cross sections. HexXunges with circular-, conic-

and corner-filleted-sections are studied, and the comg@ianatrices of flexure hinges



Chapter 2 33

are formulated. However, these three methods have limiitati The exact compliance
formulations of flexure hinges can be used to the stiffnessatsmf entire flexure mech-
anisms, but it is difficult to derive the dynamic equationfi@ture mechanisms. In order
to obtain both the static and dynamic models of flexure mdashas) Howell [L7] pro-

posed an approximate method, the PRB method. The PRB methothas notch hinges
as single- or multi-axes center-fixed revolute joints, ankld connecting the centers of
every two notch hinges as rigid components. The method has betensively used
to approximately formulate static stiffness and dynamicexure mechanisms using
notch hinges, for examplel$, 49, 50, 51, 52, 53, 54]. However, as this method is an

approximate solution, there is some difference from theegrpental results.

In the second method, both flexure hinges and connection dn&k assumed as flexible
components. Finite element method (FEM) is based on thigwgsison. The principle
of FEM is that the flexible components are divided by some spded the divided
portions are formulated and connected by the constrairdittons. Du (5] proposed a
nonlinear FEM model, which considered geometric nonligaue to large deflection.
Chen p6], Maute [57] and Farid p8] used FEM to formulate the exact dynamic models
of flexure mechanisms. Whereas, the computation work wilhéavy if the flexible
component has a variant section area, and the accuracyydajmnds on the density of
meshing nodes. Currently, some commercial softwares suéiN&YS, ABAQUS, etc.

have been used for numerical analysis of flexure mechanisms.

Therefore, an exact analytical modeling method is requioedoth stiffness and dy-
namic models of flexure mechanisms. In this thesis, suchadathproposed for mod-

eling of the large-displacement prismatic joints addréss&hapter 4.

2.5 Control Algorithm

In order to develop the flexure-based micromanipulator Witjin positioning precision
and fast response, the control algorithm is critical. Thetiad algorithms for flexure

mechanisms are required to solve the following problems.

e Unmodeled uncertainty



Chapter 2 34

In the actual operation, high-order mode shapes which ardewred and diffi-
cult to be modeled are also stimulated. The current modefiathods are also
difficult to formulate completely exact models of flexure manisms. The dif-
ference between the analytical model and the actual pla@liisd as unmodeled
uncertainty. The control algorithm is required to possebsistness to unmodeled

uncertainties.

¢ Vibration due to low damping
Damping in flexure mechanisms is caused by thermal diseipaliring elastic
deformations, and the value of thermal dissipation is sn@athall damping leads
to vibration of flexure mechanisms. The control algorithral& required to sup-

press vibration.

e External disturbance
Since the desired positioning precision of flexure mechmasis high at micro- or
nano-scale, the external disturbances, i.e., the elewirge, the external vibration,
etc., will reduce the precision. The control algorithm ddquossess robustness to

the external disturbances.

In current research, there are several control algorithessgded for flexure mecha-
nisms, including PID control, state feedback control, aémetwork control, sliding

mode control and{,-control.
PID and State Feedback Control

An improved PID controller was designed for 3-DOF micropiosing tower by Jouanelsf).
Different from the conventional PID controller, the impeal/PID controller possesses
partial robustness, achieved by a 6th-order dynamic maglefjsystem identification,
combined with a 4th-Chebyshev filter for high-order undettes. State feedbacl6()

was used to the controller of a micropositioning tool by ClaZ61].

However, these two control algorithms are not fully robis¢cause robustness to un-
modeled uncertainties mainly depends on the accuracy @frdiamodels obtained from
system identification. Moreover, robustness to exterretlddances and vibration sup-

pression are not solved by these two control algorithms.
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Neural Network Control

Yesildirek [62] proposed a neural network controller for joint-positiceaking of flexible-
link manipulators using the singular perturbation teches} The key feature of the ap-
proach is that no exact knowledge of the dynamics of the rabus is assumed for the

controller, and no off-line training is required for the manetwork.

Talebi [63] developed the neural-network based controllers for tipHon tracking of
flexible-link manipulators utilizing the modified outputdefinition approach. The neu-
ral controllers have no need for a priori knowledge of thelpag mass. The perfor-
mance of the controllers is demonstrated by simulationsaftwo-link planar flexible

manipulator and by experiments for a flexible single-lingtibed.

In the system designed by Cher@], the neural network technique was introduced to
the stable tracking control of a flexible macro-micro maitapor system. A two-layer
neural network is utilized to approximate the nonlinearatadlynamic behavior of this
system, and the controllers for the macro and micro arms eveloped without any
need for prior knowledge of the dynamic model. A learningoalipm for the neural
network using the Lyapunov stability theory is derived. IBtte tracking error and the

weight-tuning error are uniformly bounded under this newtoal scheme.
Sliding Mode Control

Sliding mode control§5, 66] is a systematic approach for the flexure-based system. The
expected performances can be designed as the sliding esiri@ed the boundaries are
estimated with the consideration of unmodeled uncertsrand external disturbances.
All the states within the boundaries tend toward the surfaoe slide on the surface
ultimately. Therefore, robustness of the flexure-basedaomeanipualtor can be ensured,

even without an exact dynamic model.

In the mechanism developed by Woronl&Y], a flexure slider was used to establish a
piezoelectric tool actuator, and this actuator was forigrea machining on the conven-
tional CNC turning centers. Uncertainties are from theiogttorce disturbances during
precision machining and piezoelectric nonlinearity . Alisig mode controller is imple-

mented which provides wide bandwidth and high tool positigrprecision, and at the



Chapter 2 36

same time rejects the uncertainties mentioned above.

Another example of the sliding mode control is for positiemtrol of a compliant mech-
anism based micromanipualtor which has the three tranos&tDOFs 8]. The compli-
ant mechanism possesses a large motion range, and thusisttmonlinearity occurs.
The unmodeled uncertainties result from the parameteatiamnis of the inertias and the
masses of both the flexible and rigid components, and tHaesges associated with the
split-tube flexures. The sliding controller verifies theckimg performance and the de-
sired bandwidth, with the consideration of the structurailmearity and the unmodeled

uncertainties.
H..-Control

Another robust control algorithn6p, 70] that can be used for flexure mechanisms is
H-control. Briefly, the theory off{.-control is to design a controller to minimize
the H-norms of transfer functions from the unmodeled uadeties, the external distur-

bances or positioning error to the external outputs.

An H_-controller usingu-synthesis is designed by Karkoub]] for a flexible rotary
beam. TheH -controller is designed for tracking performance, robostinmodeled

dynamics, input and actuation uncertainties and noise.

Low damping is a common problem in flexure mechanisms. Dagwpifiexure mecha-
nisms is due to energy dissipation during deformation, aod the value is quite small.
Low damping will lead to vibration, and the dynamic respomsk be slow. Vibra-
tion suppression is required to be considered in designmfalalgorithm. H, -robust

controllers can achieve vibration control, such&3 3, 74.

In this thesis, a hybrid controller is designed based onHhetheory. Hybrid position
and vibration control realizes both tracking performanuoe @bration suppression, with

robustness to unmodeled uncertainties and external d&staes.
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Structure Synthesis of Large-Motion
and DecoupledXYZFPMs

The three-translational rigid-body parallel mechanis@gehbeen synthesized and ana-
lyzed by Jin 5], Gao [76], Huang |0], Frisoli [77], Huang [78] and Gosselin79, 80].

A new group-decoupled parallel mechanism, which can als@ae the three decoupled
translational motions, is studied by Ji&1] 82]. However, these studies are related to
rigid-body mechanisms. Structure synthesis of flexure rmeisims is different from that
of rigid-body mechanisms. In this chapter, structure sgsithof large-motion and de-
coupledXYZFPMs is systematically studied. Section 3.1 summarizeshlaracteristics
of flexure mechanisms, which are different from those ofdrigody mechanisms, and
represents these characteristics as the constraint corsddf structure synthesis of flex-
ure mechanisms. To configure large-motidWZFPMs, the fundamental component,
the prismatic joint, is designed in Section 3.2. Subjectethé summarized constraint
conditions and using the new type of prismatic joint, dedtedXYZFPMs are syn-
thesized in Section 3.3. The mobilities of the synthesizegd-motion and decoupled

XYZFPMs are also analyzed in Section 3.3.
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Figure 3.1: EDM manufacturing process

3.1 Characteristics of Flexure Mechanisms

Structure synthesis of flexure mechanisms is not totallntidal to that of rigid-body
counterparts. Differences include workspace, availaild fypes, actuated joint types,
and phenomena of stiffening and buckling. These differetiogt the configurations of

flexure mechanisms. The main limitations are summarized!msfs.
Limitation of Available Joint

In rigid-body mechanisms, all of prismatic joints, reva@yoints, universal joints and
spherical joints can be assembled to configure the strisctWeereas, in flexure mech-
anisms, types of available joints used in flexure mechangmbmited because of man-
ufacturing techniques. The common manufacturing meth&Disl, the manufacturing
process being shown in Fig.1 The workpieces manufactured by EDM method possess
the uniform thickness. Leaf springs and flexure hinges thtced in Section 2.1.1 are
produced by cutting the extra materials, and uniform-théds flexure blades are pro-
duced. The multi-DOF flexure hinge with a concentric axisddticed in Section 2.1.2 is
seldom used because the thickness is not uniform and féibridga complicated. There-
fore, in flexure mechanisms, only revolute joints and prigorjaints are available. Short
leaf springs and flexure hinges can function as revolutdgoiRrismatic joints have no
direct counterparts, and are replaced by flexure hingedhaaeallelogram chains. The
structure of prismatic joints has been introduced in Secid.3, and a new type will be

addressed in Section 3.2.
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Limitation of Actuation Joint

There are two types of commercial high-precision actuatoramonly used in flexure
mechanism, PZT actuators and VCAs. Both of them are lingaagmrs, which produce
forces to push flexure mechanisms. Correspondingly, inféeemuechanisms, the actua-
tion joint is the prismatic joint, and all revolute jointsegpassive. Thus, each kinematic
limb of the flexure mechanism possesses at least one presjoeti closely connected

to the base, which is actuated by PZT actuators or VCASs.
Avoidance of Stiffening and Buckling

The definition of buckling has been given in Section 2.2.4efBr speaking, it is caused
by the axial compressive load exerted on the slender beanus, Tih order to avoid
the phenomenon of buckling, the structure constraint otiflexnechanisms can be de-
scribed that, the actuation force should not be colline#n v parallel to the lengthwise

axes of flexure hinges.

The definition of stiffening has also been given in Sectidh4. Briefly speaking, it is
caused by the axial tensile load exerted on the slender b&aerefore, this structure
constraint can be represented that, for structure desifiexaire mechanisms, extension
along the lengthwise axes of flexure hinges should be comapeshend nullified, to

avoid the phenomenon of stiffening.
Limitation of Manufacturing

The common fabrication method for flexure mechanisms has ineationed in Fig3.1
For single flexure hinges, those with uniform thickness ghan Fig. 2.1) can be
manufactured by the current techniques such as EDM. Howésmeconcentric flex-
ure hinges (shown in Fi@.2(b)and Fig.2.3(a), it is quite difficult to be manufactured.
Thus, in the kinematic limb, only one-DOF joints can be iméégd. Furthermore, the

sensitive-axes of revolute joints in one kinematic limb gaeallel.
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3.2 Design of Large-Motion Prismatic Joint

In Section 2.2.3, several types of conventional prismaiictg are investigated, and in
Section 2.2.4, their problems are studied. Thus, it is resagsto design a new type
of prismatic joint with large motion range, no parasitic roat no buckling and no

stiffening. The new type of prismatic joint is designed, lasvgn in Fig.3.2

Its linear stiffness is the same as that of the prismatid jaifig. 2.19(b) if the radiusk

of the flexure hinges, the thicknelsshe lengthl, and the widthb are identical to those of
the prismatic joint in Fig2.19(b) Their working principles are also identical. The main
difference is the secondary stages. If the secondary stefgig.i2.19(b)is divided into
two pieces, and the two separated portions are rotaf®d and —90° respectively, the
structure becomes that in Fig.2 Since the structure is symmetry, two secondary stages
in Fig. 3.2 behave identically, like that of one monolithic workpie&¥hen a forceFy
along the Y-axis is exerted, the motion stage produces arlidsplacement along the
Y-axis. In the meanwhile, two secondary stages produceodhalisplacement along the
Y-axis at the motion stage, and move slightly along the Xs&xinullify the axial load of
the flexure hinges. No tensile or compressive axial loadseflexure hinges means that
no buckling and no stiffening occur. The deflection underltaal of Fy- is illustrated

in Fig. 3.2(b) This type of prismatic joint can be used as the fundamentalute to

configure large-motion flexure mechanisms.

This type of prismatic joint is not the same as that desigryddibontiu [38] in Fig. 2.21
The differences are the input and output stages. As showigir2R21, the input forces
are exerted on the lateral stages, and the output displatesrgenerated from the cen-
tral upper stage. Differently, the new type of prismatimjdnas the same input and

output stage.
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R

(a) Structure (b) Deformation

Figure 3.2: New large-motion prismatic joint

3.3 Structure Synthesis of DecoupleXYZFPMs

3.3.1 Preliminary of Screw Theory

As mentioned in Section 2.3, the general methods previawsgy for structure synthesis
can be divided into two types, the constraint synthesis agigtr based on the screw
theory {0, 41, 40, 42, 43, 44, and the Lie sub-group approach based on the algebraic
properties of a Lie group of the Euclidean displacement 48t46, 47]. The screw
theory is selected as the method of structure synthesiscaafugdedXYZFPMs. The

fundamental of the screw theory is briefly introduced.
A screw is represented as

[ s.rxs+hs | ifhisnotinfinite
§ — [0,5] if h = oo , (3.1)
[s,rxs} ifh=0

wheres is an unit vector along the axis of the scréw- is the vector directed from any
point on the axis of the screw to the origin of the refereneene OXYZ andh is a
scaler which is the pitch of the screw. Wheiis zero, the unit screw is associated with
a revolute joint or a force, and is given By= (s, s x ) = (Immn; abc). Whenh is
infinite, the unit screw is associated with a prismatic j@na moment, and is given by
$=1(0;s)=(000;1Imn)[83].

A screw$ , is called as a twist, if the first vector represents the imtstagular velocity
and the second vector represents the linear velocity. Avsgreis called as a wrench,
if the first vector represents the resultant force and therskuector represents the mo-

ment. &, £, (o and(,, are used to represent a twist of 0-pitch, a twisbofpitch, a
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wrench of 0-pitch and a wrench eb-pitch. Physically, they represent an allowed ro-
tary motion, an allowed translational motion, an consgditranslational motion and an

constrained rotary motion.

An m order screw system is associated with a recipr@&ahmn ) screw system. The twist
system of a kinematic connection represents all motiondhbycbnnection in a given
position. The wrench system of the connection represehtsoaktraints that can be
transmitted by the connection. The twist system and theetreypstem of the connection

are uniquely related by reciprocityT, 83, 84].

The twist system of two connections acting in series is tmelination of the systems of
the individual connection. The twist system of two connatsi acting in parallel is the
intersection of the systems of the individual connectiolne Teciprocal system, i.e., the
wrench system of two connections acting in series, is thersettion of the reciprocal
systems of the individual connection. The reciprocal systef multi-connection acting

in parallel is the combination of the reciprocal system efitidividual connectiond3).

For a parallel manipulator, the end-effector is constriog several limbs, i.e., its DOF
is determined by the combination of all the contact wrenchidége constraint-synthesis

method proposed by Huang(] is based on this theory.

3.3.2 General Procedure of Structure Synthesis of DecoumeXY Z
FPMs

According to the screw theory briefly introduced above, ig ganeral configuration,
the twist system of thXYZFPM is a 3¢..-system. Since the virtual power developed
by any (., along any twist within the 3-.-system is zero, the wrench system of the
XYZFPM is thus a 3:,.-system. As the wrench system of a parallel kinematic strect
is the linear combination of those of all its legs in any comfagion, it is then concluded
that the wrench system of any leg in a parallel kinematiccstine is ac’ (0 < ¢ < 3)-

(~o-System in any general configuration.

In Pham’s thesisd5], the concept of the selective-actuation mechanism isqgegp. The

selective-actuation mechanism is defined as a mechanisseggisg a diagonal-form
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Jacobian matrix. That means that a mechanism is considsradsalective-actuation
mechanism when the infinitesimal end-effector motion alewgry DOF is driven by
only one specified actuator. The stiffness matrices of feéeactuation mechanisms are
diagonal. Based on the concept, the structures of the dembXjy ZFPMs are designed

to be the parallel combinations of three limbs in orthogawelfiguration.

Thus, the general procedure of structure synthesis of tbeugdedXYZFPMs can be

summarized as follows.

e Step 1: Perform structure synthesis of thé,3system kinematic limbs.
e Step 2: Generate the decoupldZFPMs using the kinematic limbs in Step 1.

e Step 3: Check the mobilities of the decoupkdZFPMs.

3.3.3 Structure Synthesis of Kinematic Limbs

The kinematic limbs of the decoupletlY ZFPMs should satisfy the following condi-

tions.

1. The wrench system of the kinematic limb is'q0 < ¢' < 3)-(,-system.

2. The kinematic limb possesses at least one prismatic jmnat one prismatic joint

closely connected to the base is actuated by the lineartactua

3. All the lengthwise axes of flexure hinges are not collingdh or parallel to the

actuation axis, in order to avoid stiffening and buckling.

Table3.1lists the kinematic limbs satisfying the above conditioRse structures of the
kinematic limbs are shown in Fi@.3. Among the synthesized kinematic limbs, all the
axes of the prismatic joints are perpendicular to each anothhe kinematic limbs of
PPRR and PRRP are prone to the problem of stiffening. Theskitrematic limbs of
PPP, PRRR, PPRRR and PRRRP are adopted to configure the tetdMEFPMs.
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Figure 3.3: Kinematic limbs
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Table 3.1: Kinematic limbs with &-(,.-system

C" | Limb type | Geometric conditions

3 | PPP Three axes of three prismatic joints are perpendicular¢b aaother.
2 | PRRR The axis of the prismatic joint is perpendicular to the plahBRRR-
PPRR -limb. The axes of the prismatic joints are perpendiculaaoch another,
PRRP The lengthwise axis of the revolute joint is not collineatiwar parallel
1 | PPRR to the actuation axis.

PRRRP

3.3.4 Enumeration and Mobility Analysis of DecoupledXYZFPMs

The kinematic limbs have been synthesized in the previotisose In this section, the

decoupledXYZFPMs are configured based on the above limbs.

The 3-PPRRR (shown in Fi§.4(b) 3-PRRRP (shown in Fig.4(c), 3-PPP (shown in
Fig. 3.4(d) and 3-PRRR (shown in Fi@.4(a) configurations are proposed. In the syn-
thesized decoupledYZFPMs, two fundamental components, i.e., the prismatiat joi
designed in Section 3.2 and the RRR-limb shown in Bi§, are used to configure the
XYZFPMs. The flexure hinges used in the prismatic joint and tR&RFRmb are the
same, the single-axis circular type shown in FAdL(b) As addressed in Section 2.1.2,
the single-axis flexure hinges include the leaf spring, theutar, the conic-section and
the corner-fillet types. The circular type is selected beseanf the following three rea-
sons. The first reason is that the circular flexure hinge hasge Istiffness ratio of the
nonsensitive-axis to the sensitive-axis, which means Ispaahsitic motion of flexure
mechanisms. The second reason is easy manufacturing. Tin@@o manufacturing
method of flexure mechanisms is EDM. The geometric accurédiyeocircular notch
hinge can be easily and precisely achieved by the current E&ddnique. The third
reason is possibility of exact modeling. Besides the leahgptype, the circular type is

easier to be exactly modeled than others such as the castiorsand corner-fillet types.

To avoid the phenomena of stiffening and buckling, the RRftzlis under the following
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(c) 3-PRRRP (d) 3-PPP

Figure 3.4: Structures of decoupl¥y ZFPMs

constraint. In Fig.3.5, if the desired translational motions at the end-effectothe
combined 3-limb mechanism are along ttig, V;- andV;-axes, the lengthwise axis,
i.e., thel;-axis, in the local coordinate of the flexure hinge shouldbeparallel to any
of theU;-, V;- andW;-axes.

The first configuration is the 3-PPP structure. Since a PRB-tonstrains all the ro-
tations about the three axes, and the constrained motiotie3-PPPXYZFPM are
all the rotations, which are the combination of those of eaoh. It means that the
end-effector, the intersection point of the three limbs, aehieve the three translational

motions.
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Figure 3.5: RRR limb

The second configuration is the 3-PRRR structure, showngn38(b) The twist sys-
tem of the PRRR-limb in th&/; — V; — IW; coordinate can be represented as
(0,0,0:0,0, ny),
(0,1,0:0,0, ¢3),
i3 = (0,1,0;as, bs, c3),
(0,1, 0; ay, ba, cq).
The constraint system of Limb i is
$,=1(0,0,0;1,0,0),
5=10(0,0,0;0,0,1).
It means that in thé&/; — V; — W, coordinate, the rotary motions about ttig andV;-
axes of Limb i are constrained. The constrained rotary metaf each PRRR-limb can
be given as
i =1, (U, Vi,W)=(X,Y,Z), 0Oxbg,
i = 2, (Ug, Vo, Wo) = (Y, Z, X)), Oy0x,
i = 3, (Us, V3, W3)=(Y, Z, X), Oyx.

The constrained motions of the 3-PRRRZFPM are the combination of those of each
PRRR-limb

(eXu 62) U (9Y7 0X) U (9Y7 0X) - (0X7 6Y7 62)
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Thus, the end-effector of the 3-PRRE ZFPM can achieve the three translational mo-

tions.

The third configuration is the 3-PPRRR structure. The twjistesm of the PPRRR-limb

in Fig. 3.3(e)can be given as

07 070707 07 nl)v

07 07 07 l27 ma, 0)7

3 (
3 (
$i5 = (0,1,0;as b, 0),
$ (0,1,0; as, by, ),
3 (

07 17 07 as, b57 05)'
The constraint system of Limb i is

;1 = (07070;17070)7
5 = (0,0,0;0,0,1).
The constrained rotary motions of each PPRRR-limb can bengg

T = 17 (Ub ‘/17 Wl) = (X7 }/7 Z)v 9X9Z7
T = 27 (U27 ‘/27 WZ) = (}/7 Zv X)v HYHX,
o= 37 (U37 ‘/37 W3) = (}/7 27 X)a ‘9Y‘9X

The constrained motions of the 3-PPRRRZFPM are the combination of those of

each PPRRR-limb

(eXu 82) U (9Y7 9X) U (9Y7 9X) - (9X7 8Y7 92)

The forth configuration is the 3-PRRRP structure. The twjisteam of the PRRRP-limb

in Fig. 3.3(f) can be given as
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The constraint system of Limb i is

;1 = (07 0707 17 070>7

w = (0,0,0;0,0,1).
The constrained rotary motions of each PRRRP-limb can bengg

T = 17 (U17 ‘/17 Wl) = (X7 }/7 Z)a 9X9Z7
T = 27 (U27 ‘/27 WZ) - (}/7 Zv X)v HYHX7
T = 37 (U37 ‘/E’n W3) - (}/7 Za X)a HYHX

The constrained motions of the 3-PRRRFNFZFPM are the combination of those of
each PRRRP-limb

(eXu 62) U (9Y7 9X) U (9Y7 9X) - (9X7 6Y7 62)

For each type of limb, the three identical limbs are arramggldogonally and intersect

at the end-effector. The structures of the decouplédFPMs are shown in Fig.4.

3.4 Summary

This chapter has studied the differences between flexurdanéms and rigid-body
mechanisms, in the aspects of available joint type, acngbint, manufacturing, buck-
ling and stiffening. These differences make structurelsssis of flexure mechanisms
different from that of rigid-body mechanisms. The diffecea have been summarized
as the structure constraints of structure synthesis of ieemechanisms. Structure syn-
thesis of the decoupledYZFPMs is especially studied in this chapter. With the con-
sideration of the structure constraints, the kinematibraf the decoupledYZFPMs
are synthesized. The decoupl¥¥ZFPMs are enumerated, and their mobilities are
analyzed. As the fundamental component of flexure mechaniamew type of large-
motion prismatic joint has also been designed, with the iaidgges of no parasitic mo-

tion, no buckling, no stiffening and geometric symmetry.
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Modeling of SynthesizedXYZFPMs

Modeling ia another important issue for study and develagroéflexure mechanisms,
besides structure design. An exact model is critical togiesvaluate and control flex-
ure mechanisms. Flexure hinges require an exact modelitigocheand entire flexure
mechanisms also require an exact modeling method to dedbilr static and dynamic
behaviors. This chapter addresses the modeling issue ofélexechanisms. Section 4.1
proposes an exact modeling method to formulate the statidamamic behaviors of the
new prismatic joint designed in Chapter 3, based on the woatis-compliance assump-
tion. The exact stiffness model of the RRR-limb is formudhite Section 4.2, based on
the study on the compliances of flexure hinges by Lobodfii [Since the new prismatic
joint and the RRR-limb are the fundamental components oKti2 FPMs synthesized
in the previous chapter, the exact stiffness matrices oXKth&2FPMs are given in Sec-
tion 4.3, based on the compliance formulations of the prisnj@int in Section 4.1 and

the RRR-limb in Section 4.2.

4.1 Modeling of Prismatic Joint

4.1.1 Necessity of Exact Modeling

Before introduction of the proposed exact modeling methedessity of exact modeling

is explained here. The current modeling methods can beadted into two types, i.e.,

50
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Figure 4.1: Comparison between PRB approximation and bd&farmation

the lumped-compliance method and the continuous-comg#iamethod. The lumped-
compliance approach assumes that the flexible componenteaflexure hinges, and
the connection links are rigid. The continuous-compliaggproach assumes that both
the flexure hinges and the connection links are flexible. Theyson the compliances
of flexure hinges by Lobontiulfg is under the assumption of the lumped-compliance
approach. Lobontiu has formulated the exact complianceeeatof flexure hinges, and
the stiffness models of entire flexure mechanisms can beettrased on the lumped-
compliance assumption. The drawback of this approach tsttisdimited in modeling

of the static behaviors of entire flexure mechanisms, sudhastiffness, and the dy-

namic behaviors of entire flexure mechanisms cannot beratai

Another common lumped-compliance approach is the PRB rdetiibe PRB method
can be used to describe the static and dynamic behaviorgic# #axure mechanisms.
However, the PRB approach is an approximate method for acaljormulations. There

are mainly two reasons to explain that.

First, inthe PRB theory, the flexure hinge is treated as acdixied revolute joint (shown
in Fig. 4.1(a) with the constant angular stiffness when no axial loadtexand the con-
nection link between the centers of every two notch hingeegarded as rigid limb.
Such approximation may lead to the stiffness error. Acyudile notch hinge deforms

more like an end-fixed beam than a center-fixed revolute {shmwn in Fig.4.1(b).

Second, in the PRB theory, the potential energy is deemed tabsed by deformation
of the flexure hinge, and the kinetic energy to be from thednmgotion of the connection
link. Such approximation will introduce the mass error. dalty, the flexure hinge also

contributes to the kinetic energy, especially when the nofigke flexure hinge is not
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negligible compared to that of the connection link.

Therefore, an exact modeling method is proposed for moglelitoth the stiffness and
dynamic equations. In this method, both flexure hinges andection links are regarded
as deformable beams. The method is based on the continooystance assumption.

Deformation of each part is exactly represented with neainntegral equations.

In the previous chapter, a new type of large-motion prisojaint has been designed (shown
in Fig. 3.2), and used to configure the large-motion and decougégFPMs. In this
section, the exact modeling method for this type of prismaint is introduced, to for-
mulate the statics and dynamic equations. This method canba used to model the
large-motion prismatic joints in Fi2.19(b)and Fig.2.19(c) The prismatic joint can

be regarded as an equivalent second-order system remeédsnthe combination of a
linear spring and a mass. The objective of all the modelinthods is to obtain the

equivalent stiffness and mass.

4.1.2 Equivalent Stiffness Modeling of Prismatic Joint

As illustrated in Fig.4.2(a) the prismatic joint consists of one motion stage, two sec-
ondary stages and four limbs. The motion stage and the sapoethges are regarded
as rigid, and the limbs are treated as flexible. Each limbwshim Fig. 4.2(b) con-
sists of three parts, two circular-flexure hinges (Part | Bad Ill) and one connection
link (Part Il). PointsP, ~ P5 are the ends of Part+4 Part Ill, respectively. When the
force F' is applied to the motion stage, the motion stage producesarlidisplacement
u without any parasitic motion, and the secondary stagesugetalf of the displace-
ments at the motion stage. In the meanwhile, the secondary stages anslight dis-
placement perpendicular to the direction @f. The slight displacementnullifies the
internal tensile force along the lengthwise axis of the lifvtoreover, there are no any
rotations at the secondary stages. Limb 1 is connected tgrthend at one end, and to
the secondary stage at the other end. Limb 2 is connecte@ &ettondary stage at one
end, and to the motion stage at the other end. It can be sednriital and Limb 2 are
in serial and deform in the same manner. Limb 3 and Limb 4 aparallel with Limb 1

and Limb 2, and deform in the same manner. Both of them deforgeherate half of
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Figure 4.2: Analysis of prismatic joint
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the linear displacemeritat the motion stage. Therefore, each limb can be regarded as a
fixed-end beam with the constraint of zero angular displasgain both ends, as shown
in Fig. 4.2(b) When the forcd" is exerted on the motion stage, a quarter of the applied

force, L, is distributed on each limb, as shown in F4g2(b) At the same time, an inter-

) 4 )
nal moment)/; is generated because of the constraint of zero angularadeplent at

the pointPs;.

Each limb is divided into three portions, Part |, Part Il arattAIl. Each portion is
regarded to possess the continuous-compliance. For eaobrpthe moments of inertia
Li(«), I(x) andI3(5) are,

L) = 2b(h—]3%cosa)3 —gﬁaﬁg 4.1
I(z) = % (4.2)
) = 2= ]3%085)3 ~ <A< (4.3)
The moments\/; («), Ms(x) andM;(5) are,

Mi(a) = F<L+R4_Rsmo‘)+M3 -Z<asl, (4.4)
My(z) = F<L+jR_x) + My 2R<uz<L+2R, (4.5)
My(8) = F(R_fsmﬁ) My -5 << (4.6)

Thus, the angular displacements can be calculated as
b(a) = glll(( ))Rcos ado, (4.7)
0y(z) = Mz((”; )) dz, (4.8)
05(68) = / Elg((%>) cos 3d3, (4.9

whereF is the Young’s modulus. No angular deformations are geedratthe two ends
of the beam in Fig4.2(b) and the three portions in one limb are connected contirlyous

Thus, the constraints can be represented as

01(— 2) = 0, (4.10)
0,(2R) = el(g), (4.11)
03(— g) = 0y(L), (4.12)
(g) ~ 0 (4.13)
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By solving equations4.10 to (4.13), the internal momenit/; can be obtained as

M = —FR/4. (4.14)

By substituting 4.14) into equations4.7) to (4.9), and integrating equationd.{) to

(4.9, the linear displacements and the constraints can besemped as

Yi(a) = / 0, ()R cos ada, (4.15)
Yl(—g) = 0, (4.16)
Yo(z) = / 0, (z)dx, (4.17)
Yi2R) = Yi(3). (4.18)
Vi) = [ 6u(6)Reos 5, (4.19)
Yo(—3) = V(D). (4.20)

By solving equations4.15 to (4.20, the linear displacementf;(7) at P; can be ob-
tained, and the linear stiffness of the single limb can beutated as

A
Ya(3)

2

Ky _p, = (4.21)

The equivalent linear stiffness of the prismatic joint isntical to that of the single limb

K" =Ky_p,. (4.22)

4.1.3 Equivalent Mass Modeling of Prismatic Joint

After calculation of the equivalent linear stiffness of ghrésmatic joint, the equivalent
mass needs to be formulated. Under the assumption that the ismaontinuously dis-

tributed in both the flexure hinges and the connection litke,kinetic energy of the
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prismatic joint can be calculated as

o= /WpAl(oz)( B2 Reos ada

+  (m] +my+my+mg)(

1 d(2Y5(3))

imM( dt )27 (4.23)

wherep is the density. The cross-section aregga), A, (x) and A;(3) at any points of

the three parts are

Ai(a) = 2(h—Rcosa)b  — g <a< g (4.24)
Ag(z) = 2hb, (4.25)
A5(B) = 2Ah—Reospp - <B<3 (4.26)
Therefore, the equivalent mass of the prismatic joint is
M, = ! (4.27)

055 o
2(=—5)°

4.1.4 Dynamic Modeling of Prismatic Joint

As mentioned above, in physical sense, the prismatic jomeguivalent to a second-
order system with a linear spring and a mass. The objecthedstbe modeling methods

are to obtain the equivalent stiffness and the equivalestsméthe equivalent second-
order system. Using the proposed exact modeling methoddrséttion, the equivalent
stiffness and the equivalent mass of the new prismatic g@signed in the previous
chapter have been formulated. Thus, the dynamic behavibtegsrismatic joint can be

represented as,

F=MY +K"Y. (4.28)
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Figure 4.3: RRR-limb
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4.2 Stiffness Modeling of RRR-Limb

The stiffness modeling of the RRR-limb is based on the lump@dpliance assump-
tion. The compliance is regarded to exist in the flexure hengad the exact compliance
matrices of the flexure hinges have been formulated by Lab¢h6]. Based on the
Lobontiu’s study, the exact compliance matrices of the RiRi-is derived in this sec-
tion. The RRR-limb isillustrated in Figt.3. The two links in the RRR-limb are designed
to be perpendicular to each other. When the external fafgeand £y, are applied on

the tip of the limb, the loads at the nod inside the limb can be given as

FUl = —FU cos + FV sin 9, (429)
Fyy = Fysinf + Fy cosd, (4.30)
MWl = (6R—|—L1 —|—L2)(FU sin8+FV COSQ) — MW5. (431)

The displacements &; under the above loads can be represented in the local catedin
of Ul — V! —W'as

Uy Cl}EFl 0 0 FUl
uyp | = o Cf, CE . Fyiyo |- (4.32)
8W1 0 Céi_Frn CHI?L_MVL MWl

The3 x 3 matrix describes the exact compliances of the circulaufiexinge in its local

coordinate of — m — n, studied by Lobontiug6],

Clp = Elw[j% arctan\/1+g — g], (4.33)
3 8R3(44R? + 28Rt + 5t*
Chor, = TEommey 2@+ mR+ ( t2(4;+t)2+ )
(2R + t)\/t(4R + t)[-80R* + 24 R3t + 8(3 + 2m) R*t?]
(AR + 1)
(2R +t)\/t(4R + t)[4(1 + 2m) Rt + mtl]
B4R+ )7
8(2R + t)(—6R? + 4Rt + 1?) 4R

— t 1+ — 4.34
AR arctan /1 4 — 1, (4.34)
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24 R?
CH . = t
n=Fm ™ Bwit3(2R 4 t) (4R + t)3 4

+ 6R(2R;)*\/t(4R +t)arctan /1 + ?], (4.35)

R Cg_Mn
Cort, = —p = (4.36)

CE 4R +1)(6R* + 4Rt + t°)

The local coordinate adf— m — n in the first link is identical to that of/* — V! — W1,

The angular displacement &t can be calculated as

QWI = [Cﬁ_Mn+C€I1_Mn<6R+L1+L2)]<FU sin@—i—FV COS@)_C;EI—M”MWG' (437)

Similarly, the loads af, are

FU2 = —FU COS@"‘FV sin@, (438)
Fyy = Fysinf+ Fy cosf, (4.39)
MWQ = (4R+L1 +L2)(FU Sin9+Fv COSQ) — Mw5. (440)

The displacements @, can be represented in the local coordinat& bf- V! — W! as

U2 ClL—Fl 0 0 FU2
we | =| 0 CL, L, Foo |- (4.41)
8W2 0 CgLn_FnL CBL':L _Mn MW2

The above3 x 3 matrix describes the exact compliances of the leaf sprintsitocal

coordinate of — m — n, also studied by Lobontiulp],

Cltrn = % (4.42)
Crpn = % (4.43)
Coieat = Coor = % (4.44)
Ct . = ﬁi@ (4.45)

The angular displacement & can be calculated as

9W2 - [CL

m

o, +C_ap (AR + Ly + L)) (Fysin @ + Fy cos0) — Cy._y, Ms. (4.46)
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The loads at’; are given as

Fys = —Fycosf + Fy sind, (4.47)
Fys = Fysinf + Fy cosf, (4.48)
ng = (2R—|—L1 —|—L2)(FU SiIlH—i-FV COSH) — MW5. (449)

The displacements are

Uys CI}EFI 0 0 FU3
UV3 - 0 Cﬁ—Fm Cﬁ_}v[n FV3 . (450)

The angular displacement &% is

Ows = [CE_yi +Ch_yp 2R+ Ly + Ly)](Fysin 0 + Fy cos0) — Cgt _,, Ms. (4.51)

The loads at?; are given as

Fyy = Fysin® + Fy cosf, (4.52)
Fyy = Fycosf — Fysinb, (4.53)
My, = 2R(—Fycos+ Fysin€) + Mys. (4.54)

The displacements are

U4 ClL_ F 0 0 F U4
Owa 0 CeLn—Fm CeLn M, My

Thel —m — n coordinate of thé x 3 compliance matrix is the same & — V! — W1,

The angular displacement &% is

9W4 - (CL

m

o, — Cg . 2R)(Fy cos 0 — Fysin€) + Cy/ _ . Myys. (4.56)

The loads at’;, the tip of the limb, are

Fyy = Fysinf+ Fy cosé, (4.57)
Fyy = Fycosf — Fysind, (4.58)
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The displacements are

Uyrs Cl}EFl 0 0 FU5
uys | = o Ck,. Ci, Fyss | - (4.60)

The angular displacement at the tip is

Ows = CWP;_MR(FU cos — Fysinf) + C;i_MnMWg). (4.61)

The RRR-limb, the same as the prismatic joint, is a fundaal@simponent to form the
limb of the XYZFPM. Since theXYZFPMs synthesized in the previous chapter have 3-
DOFs of the three translational motions, and all the roteti@re constrained, the rotation

at the tip of the RRR-limb is also constrained. Thus,

Ow1 + 0wz + Ows — Owa — Ows =0

[CE_ v +C4t ) (6R+ Ly + Ly)](Fysind + Fy cos ) — Cjt ), Myrs +
[CE v+ Cg _y (AR + Ly + Ly)](Fysin@ + Fy cos ) — Cyr _y, Myrs +
[CR oy, +Cot _y (2R + Ly + L)) (Fysin + Fy cos0) — Cjt_y; Mys —
(CF i = Cf _y 2R)(Fycos — Fysinf) — Cy_yy Myys —

Cﬁ_Mn(FU cos) — Fy sinf) — CGIi—MnMW5 =0. (4.62)
The internal momeni/y, 5 can be solved from the above equation,
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where

A = {[CE_,, +Cf_\ (6R+ Ly + Ly)|sin6
+ [CE_\ +Cf_yp (AR + Ly + Ly)]sinf
+ [CE_ +CF_y (2R+ Ly + Ly)]sind
— (CL_y —Cg 1 2R) cos
— Cﬁ_Mn cos 9}/(3C£_Mn + QC(,Ln_Mn),

Ay {[CE_\, +CF_y (6R+ Ly + Ly)] cosd

[CE v +Cg _y (AR + Ly + Ly)] cos §
[C’,ﬁ_Mn + C'(i_Mn(QR + Ly + Ls)] cosf
(Ch v — Cf _y 2R) sinf

+ o+ o+ 4

Cﬁ_Mn sin 9}/(36'9}2_]\/[” + 2C'QL7L_MR).

(4.64)

(4.65)

SubstitutingMyy 5 into (4.4), the translational displacementd atcan be rewritten as

n —cosf sinf
Uyt CI—FL 0 0 . FU
= on on sinf cosf "
Uy O m—=Im m—Mn 14
: . Ay A

9W1 = Cﬁ_Mn(SiIl HFU -+ cos QF\/) + CGIi_Mn(A?:FU + A4Fv),
where
A = (6R + L1+ Lg) sinf) — Ay,
A4 = (GR + Ll + LQ) cos ) — AQ.
At P,
—cosf sinf
Uy2 CIL—FL O 0 . FU
= oL oL sinf cosf e
u O m— m—
V2 F, My, A5 A6 1%
where
O = Ch_yp (sin0Fy + cos 0Fy) + Cy _yy (AsFy + AgFy),

|

(4.66)

(4.67)

(4.68)
(4.69)

(4.70)

(4.71)
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A5 = (4R + L1 + Lg) sinf — Al, (472)
A¢ = (4R+ Ly + L) cosf — As. (4.73)
At Ps,
on 0 0 —cosf sinf -
u _
|: us | _ lo i o on sinff  cosf [ FU ] . (4.74)
U m—Fm m—M,,
V3 F M A7 Ag |4
ng = CrIfL—Mn (Sil’l GFU -+ cos HFv) —+ CGIi—Mn (A7FU -+ Ang), (475)
where
A7 = (2R + L1 + Lg) sinf — Al, (476)
Ag = (2R + L1 + Lg) cosf — Ag. (477)
At Py,
oo 0 . sinf cos6 .
(% _
[ 4 ] = l(] Fi oL o cos@ sinf FU ] ) (4.78)
Uy 4 m—Fp, m—My, \%4
Ay Ay
Hw4 = CrIrIL—Mn (COS QFU + sin QF‘/) + CGI;—Mn (AgFU + Alon), (479)
where
Ag = 2Rsinf — Al, (480)
Ay = 2Rcosf — A,. (4.81)
At Fs,
on 0 0 sinf cos@ -
(% _
|: us ] — lo Fi o oR cosf sin6 FU ] ; (4.82)
u m—=Lm m—AVin
V5 F, M, Al A2 1%
Ows = CE_y (cosOFy +sin0Fy) + Cgt_y, (A1 Fy + Ao Fy). (4.83)
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Thus, the displacements at the tip can be represented as

AU = —(uU1 + ugyo + ng) cos 6 + (uv1 + uyo + UVg) sin 6
+ (ups + uys)sin€ + (uy4 + uys) cos o, (4.84)
AV = (uU1 + Uy + ng) sin 6 + <UV1 + Uy + UVg) cos

+  (uys + uys) cos — (uyg + uys) sin 6, (4.85)

or as matrix format

AU Gun G B

_ 11 G2 U 7 (4.86)

AV Goa1 G Fy

where

Gll = _Dll cos + D21 sin 6 + Ell sin 6 + E21 COS 9, (487)
Gia = —Diacost + Daysint) + Eipsin + Fay cos b, (4.88)
Gy = Dy1sinf + Doy cosf + Eqqcos — Eyysinf, (4.89)
G22 = D12 sin 6 + D22 cos + E12 cos 6 — E22 sin 9, (490)
Dy, = —2C£Fl cos ) — C’lL_Fl cos 0, (4.91)
Dy = QCﬁFl sin 0 + ClL_Fl sin 0, (4.92)

D21 = 2C£—Fm SiIl 9 ‘I‘ Cﬁ—Mn (A3 + A7) + CTIrIL—Fm SiIl 9 + CrlrlL—MnA57 (493)

Doy = 2CF . cosO+CR_\, (As+ Ag) + CL_p cos+ CL_, A, (4.94)

Ey = —ClL_Fl cos ) — Cl}iFl cos ), (4.95)
Ey = CIL_FL sin 0 + CﬁFl sin 6, (4.96)
Ey = Ch_ o sin0+CL_\ Ag+CF_p sinf+CF_,, A, (4.97)

Ey = Ck_ pocosO+Ch ) Ag+CE_p cos+CE_, Ay, (4.98)

Incorporated in the above synthesi2€dZFPMs, the RRR-limb in Figd.3behaves as
follows. If the forceFy, along the U-axis is exerted on the tip of the RRR-limb, the tip

generates a translational motidyU,

G!126121
G22

AU = (G — )Fy. (4.99)
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If the force F, along the V-axis is exerted on the tip of the RRR-limb, thegigmerates

a translational motior\V/,

G12G21

AV = (Gyp — C
11

V. (4.100)

Therefore, it can be concluded that the translational c@npés of the 3-RRR Limb i

can be formulated as

C; G — 58" ! (4.101)
RRR — 0 G22 B 015521 . .

4.3 Stiffness Modeling ofXYZFPMs

Based on the exact stiffness models of the prismatic joidthhe RRR-limb, the stiffness
models of theXYZFPMs composed of the prismatic joint and the RRR-limb can be
formulated in this section. In Fig.3(b) the prismatic jointK!" is connected to the

RRR-limb in serial. Hence, the compliance of the PRRR-lisgiven as

i | 0
0 ‘1/}(;’

Cprrr = (4.102)

The stiffness of the 3-PRRRYZFPM is summation of those of the three limbs con-

nected in parallel,

3
1
Ks-prer =), mr— (4.103)
i—1 ~PRRR

As shown in Fig3.3(e) the prismatic jointds/] and K}, are connected to the RRR-limb

in serial. Hence, the compliance of the PPRRR-limb is given a

, /K5 0
CIZQRR + I 0
. 0 0

0 1/Kf |

The stiffness of the 3-PPRRRYZFPM is the summation of those of the three limbs

connected in parallel,

3 1

K3 pprRR = (4.105)

- .
i1 Cpprrr
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As shown in Fig3.3(f), the compliance of the PRRRP-limb is given as

/KL 0
0 0

Chrr+1

Clhonrrp = (4.106)

0 /KL |

The stiffness of the 3-PRRRRYZFPM is the summation of those of the three limbs

connected in parallel,

3 1

K3_prrrP = o : (4.107)
i—1 ~PRRRP
As shown in Fig3.3(a) the compliance of the PPP-limb is given as
Ky 0 0
0 0 K&

The stiffness of the 3-PPRYZFPM is the summation of those of the three limbs,

3
Ks ppp =Y  Kppp. (4.109)

i=1

4.4 Summary

This chapter has exactly formulated tk¥ ZFPMs synthesized in the previous chapter.
The modules to configure th¢YZFPMs, i.e., the RRR-limb and the prismatic joint,
have been formulated respectively. The stiffness moddi®RRR-limb has been for-
mulated based on the study on the compliances of flexure sibgd.obontiu. The
stiffness and dynamic models of the newly designed prisnjaitnt have been derived

using an exact method proposed in this chapter.
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Design and Modeling of 3-PPP
XYZFPM

In this thesis, a 3-PPRYZFPM with large motion range and decoupled kinematic struc-
ture is developed. The new type of large-motion prismaiiatjis used, with the advan-
tages of no cross-axis error, no buckling, no stiffening syxmetric structure. Using
these prismatic joints, the assembled 3-PRZFPM possesses large motion range and
small parasitic motion. This chapter focuses on structesgh and dimension opti-
mization of the 3-PPRYZFPM. In Sectiorb.], structure design of the 3-PR& ZFPM

is presented. The PRB model is formulated in Secidhprepared for optimal design.

In Section 5.3, a dimension optimization approach, basetherstatic performances,
i.e., stiffness, workspace, stage size and parasitic masgroposed. This approach is
generalized for flexure mechanisms, and three definitiogs,motion range (defined in
Chapter 2), parasitic motion ratio and permissible maxinstiffness, are proposed and
used to describe the static performances of flexure meahanldsing this approach, the
dimensions of the 3-PPRYZFPM are determined. In Section 5.4, the exact dynamic
model of the 3-PPRYZFPM is formulated using the proposed exact modeling method

introduced in Section 4.2.

67
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voice coil actuator

e=s pin input force .m_.\‘
AN S,

Vi

connected to

u;
end-effector wi

Figure 5.1: Connection of PPP-limb

5.1 Structure Design of 3-PPPXYZFPM

The 3-PPIXYZFPM is a combination of three orthogonal limbs in paraligdch limb is

a serial combination of three prismatic joints, achievimge translational DOFs, along
theU;-, V;- andV;-axes. The two asymmetric large-displacement prismatitggshown
in Fig. 2.19(b) and one new type of large-motion prismatic joint (shownig B.2) are
assembled in serial in one limb. Each prismatic joint is a atitmc workpiece fabri-
cated using wire EDM. The three prismatic joints in one limd eonnected by the pins
and the screws, as shown in FEg1 The alignment of every two prismatic joints is
ensured by the pins, and fastened by the screws. In eachllimjmint is closely con-
nected and driven by the one-DOF voice coil actuator respdgtandU; joint is fixed
on the end-effector. Such three limbs are assembled in thegwnal configuration to
form the 3-PPEXYZFPM. The 3D schematic diagram of the 3-PRPZFPM is shown
in Fig.5.2

The working principle of the 3-PPRYZFPM can be explained based on B2 From
the diagonal stiffness matri¥ (108, it can be concluded that the 3-PRF¥ZFPM pos-
sesses a decoupled kinematic structure. Each actuat@psnsible for one-axis trans-
lational motion. Here, the X-axis translational motion pkained in detail. When the
force Fy along the X-axis is directly applied di; joint, 17/ joint deforms to generate
the X-axis motion and transfers the forcelfp andV; joints. Theoretically[/; andV}

joints move along the X-axis without deformation, and disetransfer the force td/;
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Figure 5.2: Schematic diagram of 3-PRFZFPM

End-effector Ul Vi Wi

Figure 5.3: Prototype of 3-PPRYZFPM
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andVj joints through the end-effector. At the same tirtile, andV3 joints deflect to cre-

ate the X-axis motion. Therefore, the translational mo#tomg the X-axis is generated

at the end-effector. Briefly, whehy is exertedV;, U, andVj; joints deflect to gener-
ate the X-axis motion,/; andV/; joints move the same displacement as the end-effector
without deformation, and other prismatic joints remairtisteary. The motions along
the Y- and Z-axes are similar, and are actuated by the ragpediice coil actuators.
The prototype of the 3-PPRYZFPM has been fabricated, shown in Fag3.

5.2 PRB Model of 3-PPPXYZFPM

The PRB model of the 3-PPRYZFPM is presented in this section. The PRB model will
be used to the following dimension optimization, becausettpressions of the specified
performances are simplified and it is not complicated to fimel dptimal values. The
optimal design using the approximate PRB models has beére@én many studies of

flexure mechanisms, such a9[54].

5.2.1 PRB Model of Prismatic Joints

In the PRB theory, the flexure hinge can be simplified as a céntd revolute joint
when there is no axial compressive or tensile load. In ouigdeshe flexure hinges
do not bear any axial load, and a revolute joint with the camsaingular stiffness is
equivalent to the flexure hinge when there is no stress coratem. According to the
PRB theory, the links connecting every two notch hinges egarded as rigid, and the
length is the distance between the centers of every two #elxinges. The equivalent
rigid models of the prismatic joints are shown in Figd. Each equivalent rigid model
can be further simplified as a second-order system with allisigring and a mass. Based
on the assumption that the kinetic energy of the flexuredpassmatic joint is equal to
that of the equivalent second-order system, and the kieetgy originates from the
rigid connection links. The equivalent mass of the secomlgosystem can be derived. It
is also assumed that the values of the potential energyswédantical, and the potential

energy is caused by flexure revolute hinges. The equivalidiness can be obtained,
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Ky

(a) WI/U joints (b) V joint

Figure 5.4: PRB models of prismatic joints

(5Mwyv, + Mwyu, + AMwyue) Ly + 49wv,

MW/U = ) (51)
AL%,
2K
Kwy = LQW/UT, (5.2)
w/U
My +2My. L% + 4
My — (4My, + 5My, IL2 ve) LY + JVA’ (5.3)
1%
2K
Ky = == (5.4)
1%

In order to unify the stiffnesses of the two prismatic jojtitee dimensions of the circular-
flexure hinges are selected to be identical, and lengthseofdhnection links are also

selected to be identical, thus

Kyw, = Ky, =K,
Lyyw = Ly =1L,
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Figure 5.5: Circular-flexure hinge

whereK, is the angular stiffness of the flexure hinge.

Design of the prismatic joint is limited by that of the flexurmge. There are two limi-

tations. The first limitation is that the parasitic motiorislexure mechanisms originate
from the nonsensitive-axis deformations of flexure hingeserefore, a small stiffness
ratio of the sensitive-axis to the nonsensitive-axis offtarure hinge is expected. In

development of the 3-PPRYZFPM, the problem is considered.

The circular-flexure hinge shown in Fi§.5is used in the prismatic joints. The rotation
about then-axis is the sensitive motion, which is expected to gendtedranslational
motions of the prismatic joints. Theaxis angular stiffness of the circular-flexure hinge

is given as 19

2Ebt>
9rR:
The circular-flexure hinge also bears the nonsensitive-motion. As illustrated in

K, = KGZ—MZ ~ (55)

Fig. 5.1, when the input force is applied dW; joint along thelV;-axis, the circular-
flexure hinges (in Fig5.5) of U; andV; joints will bear the moment about the-axis
in the circular-flexure hinge’s local coordinates. The tiota about them-axis of the
circular-flexure hinge will introduce the parasitic rotatiof the end-effector of the 3-
PPPXYZFPM. Thus, circular-flexure hinges’ rotation about theaxis, termed the
nonsensitive-axis motion, is not expected. The anguléineis about then-axis can

be calculated adlp]

1 4(2R + 1)/ g arctan(y / 5z) — it 56

Koy — w1y Eb3t/6
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To reduce the parasitic rotations of the 3-PRPRZFPM, the circular-flexure hinge should
be sensitive to the moment about thexis and immune to the moment about thexis
in the circular-flexure hinge’s local coordinates, as showiig. 5.5. The ratio\ should

be small, and
)\ = K@Z_]\/[Z/Kgy_]\/[y. (57)

The second limitation, which the flexure hinge exerts on teufle mechanism, is that
the permissible maximum stress in the flexure hinge limigsttotion range of the pris-
matic joint. When the flexure hinge is under a bending momkeaotitn-axis, the maxi-
mum stress occurs at each surface of the thinnest part. #irtpelar displacement about
the n-axis of the circular-flexure hinge # the estimated stressat the surface of the

thinnest portion can be given &&j

9

_ E(1+pB)w
= @) &9
where
_3H4p+20t 0 6(+0) oy 240
=55 * Gazr™ 45
t
8= o

The yielding limito, determines the maximum bending of the circular-flexure &jagd
also the maximum translational motion of the prismatict®i"wheno increases to the

maximum value of,, the angular deformatiofireaches the maximum value &f,...,

Umaz
0w = TR (5.9)
whereu,,.. IS the maximum linear displacement of the prismatic joimatis, the motion
range. The dimensions of the circular-flexure hinges andigfie links of two types of
large-motion prismatic joints are equal. Therefore, th&imam displacements of them

are the same as )

Umae = %ﬁ;? (5.10)
In summary, these two parameters\aindu,,,.. are critical to the performances of flex-
ure mechanisms, including the parasitic motion and theanatinge. In the following
dimension optimization of flexure mechanismsndu,,... will be considered to achieve

high static performances of flexure mechanisms.
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5.2.2 Dynamic Model of 3-PPPXYZFPM

In this section, the dynamic equation of the assembled 3P¥PPFPM is presented.
From Fig.5.2 it can be seen that the 3-PRYZFPM is a hybrid combination of the
prismatic joints. Each prismatic joint can be regarded ascarsd-order system, and
the 3-PPPXYZFPM, a hybrid combination of these second-order systearsatso be
equivalent to a second-order system. The equivalent seoatad systems of the pris-
matic joints have been formulated in Section 5.2.1. Basdtiese formulated prismatic
joints and the working principle of the 3-PR&YZFPM, the equivalent second-order
system of the 3-PPRYZFPM can be obtained. As shown in Fig2 when the X-
axis voice coil actuator is activated/;, U; andVj joints deform to generate the X-axis
translational motion, witlh/;, V; andUs joints moving rigidly andl;, W, andWs joints
keeping stationary. Thus, for the X-axis translational ioygtthe equivalent second-
order system of the 3-PPRYZFPM can be illustrated as Fi§.6. The kinetic energy is

formulated as

1 . 1 .
EKX = §(MW1 + MU2 + MV3)X2 + §<mU1 + my, + mUs)Xz' (511)

The potential energy is formulated as

1
Ep, = =

x 2(KW1 + Ky, + Ky,) X2 (5.12)

Based on the Lagrange theory, the dynamic equation of theiXta@nslational motion

is described as
i O0Fk, B O0Fk, N OFEp,

= ox ) T ox T ax (5.13)

Similarly, for the Y- and Z-axes translational motions, gtpiivalent second-order sys-
tem of the 3-PPIXYZFPM can be represented as Fag7 and Fig.5.8respectively. The

kinetic energies are formulated as
1 . 1 .
Ex, = 5( My, + My, + My,)Y? + i(m[b + my,)Y?, (5.14)

1 . 1 .
EKZ = Q(MW3 + MV1 + jsz)Z2 + §(mV3 + my; +my, + mU1)ZQ' (515)

The potential energies are formulated as

1
Ep, = §(KW2 + Ky, + Ky,)Y?, (5.16)
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| End-effector |

mui

mus
Kwi Kuz Kvs

IMW]I IMU2| IMV3|
|

Figure 5.6: Equivalent second-order system of X-axis nmotio

| End-effector |

Kw2 Kui Kus

| Mw. | | Mu | | Mu |

Figure 5.7: Equivalent second-order system of Y-axis nmotio

1
EPZ = §(KW3 + KV1 + KV2)ZQ' (517)

The dynamic equations of the Y- and Z-axes translationalonstare described as

_ d 0Eg,, O0Eg, 0OEp,

Y_dt( o ) % + oy (5.18)
_ d 0Eg,. 0By, OEp,

Z‘E( EY4 ) YA + oz (5.19)

In the above equationd/y,, My, and My, are the equivalent massesiof, V; and IV,

joints, my;,, my, andmyy, are the actual masses©f, V; andWV; joints andKy,, Ky, and

| End-effector |

mus

|mV3| ImUII ImU2|

% Kws %KW % Kv2

IMW3| IMv1| IMvzl

Figure 5.8: Equivalent second-order system of Z-axis nmotio
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Ky, are the equivalent stiffnesseslaf, V; andWV; joints.

Thus, the dynamic equation for the 3-PRPZFPM can be derived as,

Fx X X
F|=M|Y |+K|Y |, (5.20)
Fy Z Z
My, + My, + My, 0 0
my, +mvl + mys
A - 0 My, + My, + My, 0 7
ng +mV2
0 0 My, + My, + My,
L my, + My, + my1 + My2 i
le -+ KU2 -+ KVS 0 0
K = 0 KW2 + KU1 + KU:; 0
0 0 Kw, + Ky, + Ky,

Vector (X, Y, Z]T represents the displacements of the end-effector, whitteisentral
point in Fig.5.3. Vector [Fx, Fy, Fz] represents the actuation forces exerted on the

prismatic joints ofit;, W, andWs respectively.

Note that in 6.20), the damping ratio is omitted. There are two reasons toagxlur
omission. The first reason is that it is difficult to exactlyrfailate the damping. It is due
to the nonreplicated nature of several parameters invatvéte damping, such as ma-
terial properties, manufacturing processes or the ex@eriah environments. Moreover,
the material damping is incepted at molecular level, whihflicts with the macroscale
structural dynamicsg6]. The second reason is that the damping of the flexure mech-
anism is due to energy dissipation through acoustic ramfiand radiation through the
supporting string, and internal dissipati@Y]. These two types of dissipation are called
as the passive damping. In one system, the damping is maorty the passive damp-
ing and the active damping that accounts for energy dissip#trough external devices
such as actuators and assembled joints. Among these twadfpampings, the passive

damping amounts to no more thab; [88].
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5.3 Dimension Optimization

5.3.1 Generalized Dimension Optimization Approach

In recent research, optimal design is conducted to obtamexipected performances of
flexure mechanisms. The objective of optimal design is taioldimensions of flexure
mechanisms to meet the performance requirements. Soniesstafdptimal design fo-
cus on the dynamic response, e.g., the natural frequenby asiterion, such agip, 54].

In other studies, the resolutions of flexure mechanismsegyarded as the criterion, for
example 11, 89]. However, the achievable resolutions of flexure mechasiare diffi-
cult to be evaluated, usually limited by hardwares, i.eyaors and sensors. YouR(]
combined the dynamic performance and the resolution ashjeetive function. The
stiffness of the flexure mechanism is also critical, becatssealue is limited by the
output of the actuator, and it affects positioning precisijparasitic motion and natural
frequency as well. Don@®f] has studied the influence of the dimensions on the stiffness

of a 6-DOF flexure platform.

The studies of optimal design mentioned above aim at acigesingle performance such
as natural frequency, resolution and stiffness. Here weeranate on the optimal design
with the consideration of a series of static performances. flExure mechanisms, the
main static performances include stiffness, workspacesitéc motion and stage size.
These parameters are critical for flexure mechanisms, amolsalcover all static perfor-

mances. In the following paragraphs, importance and celakiip of these parameters

are explained in detail.

Stiffness, workspace, stage size and parasitic motionstldeiermine whether the flex-
ure mechanism possesses the high static performancesitiéaration is one important
evaluation. Itis not expected in flexure mechanisms, bec#isdifficult to be modeled
and compensated. Parasitic motion is caused by nonsenaitis deformations of flex-
ure hinges. The parasitic motion will be small, if the flexarechanism simultaneously
possesses the small sensitive-axis stiffness and largensitive-axis stiffness. Reduc-
ing parasitic motion of flexure mechanisms can be achievethycing the sensitive-

axis stiffness and increasing the nonsensitive-axissts# of flexure hinges. Thus, we
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give the definition of the parasitic motion ratichere,

senstive — axis stif fness

A= (5.21)

nonsensitive — axis stif fness

Stiffness, workspace and stage size are not three indepeedsduations. Usually, the
larger the stage size, the smaller the stiffness. If thénsBE is large, the workspace
will be small, because the actuation ability of PZT actusitlovd VCAs in flexure-based
micromanipulators is limited. The output forces of the VG#&e mostly limited within
several ten Newtons. Though the output forces of the PZTasuttsi are relatively large,
the strokes are quite small. To indicate the relationshipiéen the workspace and the
stage size, the motion rangkis introduced from Definition 2.1. The motion range
is defined as the ratio of the workspace to the stage size. Ohiespace is determined
by the yielding limit of the material. The flexure mechanisithvihe large value of

is regarded as large-motion. The large valug ofieans that the flexure mechanism has
a large workspace and a compacted size as well. The flexureamisen, which has
a large workspace but a large stage size, cannot be deemadyasrotion. Besides
the consideration of large motion range, the stiffness effixure mechanism cannot
exceed the actuation ability of the actuators. The periissnaximum stiffnes#,,ax

is defined as,

Maximum output force of actuator

Kma:v =

5.22
Workspace ( )

Usually, the flexure mechanism with high precision, smaiptic error, large workspace
and compact stage size is expected in applications suchas/mano-scale manipula-
tions. The three definitions we mention above give the qtative descriptions of these
requirements. Based on these quantitative formulatiomsemsion determination of
flexure mechanisms can be generalized as the optimal problem

» Objective function: Minimize\ or 3,
e Design variables: Dimensions of the flexure hinge includiegradius of?, thick-

ness oft and width ofb,

Lengths of the links connecting every two flexure hinges,

e Constraints: Stiffness. K,,q.,
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Stage size< permissible maximum size,
Desired workspaceg range constrained by material elasticity,

[ > desired value ok < desired value.

The task of optimal design is to determine the dimension$effiexure mechanism.
Hence, the dimensions are represented as the design eatidlfie flexure mechanism
is expected to possess high precision with small parasiticseor large workspace with
compact stage size. Hence, the objective function is repted as minimization ok

or % or the weight function of both. Simultaneously, the flexurecimanism is limited

by the hardware such as the actuation, the mounting spacthandaterial elasticity.

Hence, these limitations are represented as the constraint

Optimal design of flexure mechanisms based on the stationpeshces has been gen-
eralized the single-objective optimal problem. Most of #tandard single-objective

optimization algorithms can be easily used in our genezdl@ptimal design.

5.3.2 Dimension Optimization of 3-PPPXYZFPM

Using the above generalized dimension optimization aggraad the above PRB model
of the 3-PPPXYZFPM, dimension optimization of the 3-PR& ZFPM can be formu-

lated as follows,

e Objective: Minimize),
e Design variablesR, ¢, b, L,

e Constraints: >
0.3mm <t < 1mm,
10mm < b < 20mm,
20mm < L < 30mm,
Imm < Upmaeq,

K < 50N/mm.
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The objective of optimal design is to develop a 3-PRPPZFPM with minimum par-
asitic motion. )\ is defined in $.7). The design variables are the dimensions of the
circular-flexure hinges and the distance between every iwalar-flexure hinges. The
constraints consider the factors as follows. Since the B-RPZFPM is assembled us-
ing nine pieces of prismatic joints, the 3-PRPZFPM will possess large motion range
if 5 of the prismatic joint is large is defined as,,../(2R + L). The flexure mech-
anism is cut by wire EDM. The thinnest portion of the circtflaxure hinge is not less
than0.3mm, because the tolerance ©f).01mm cannot be ensured when the thickness
is smaller thar).3mm. For compactness, the size of the 3-PRPZFPM should not
be large, and thus the distance between every two circebam# hinges is limited. In
order to achieve the desired motion range without plastfordeation, the maximum
displacement should be larger than the required absolut®mi@ange oflmm. With
limitation of the output of the VCA, the linear stiffness tiet 3-PPPXYZFPM cannot

exceebON/mm.

The Gradient Projection Method (GPM) is used to search themap points in the
workspace. The final values of the design variables arallistable5.1. The 3-PPP
XYZFPM possesses the advantage of large motion range, asigrpttee following cal-
culations. Substituting these parameters into the PRB hiodwrulated in Sectiorb.2,

the linear stiffness and the workspace of the prismatid joam be calculated as

KW/U = KV = 104N/mm,

Umaz = 2.3Mm.

The motion range of the designed large-motion prismatitt jsi

umax _;N
ﬁP—2R+L_ 32 %.

The dimensions of the assembled 3-PPPZFPM arel85mm x 141mm x 148mm,
and the motion range of the 3-PRNZFPM is

2.3 1
_ 2O (5.23)

b= 185mm 80

The value is large compared to the current flexure mechanikrssated in Table2.2
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Table 5.1: Results of dimension optimization

R t b L

3.5mm| 0.4mm| 10mm| 25mm

The matrices of the equivalent mass and the equivalenmiasiff of the 3-PPRYZFPM
can be given as

[ 0.1304 0 0

M = 0 01104 0 Ky,
|0 0  0.1504
(313 0 0

K = 0 313 0 |N/mm.
| 00 313

Based on the above matrices, the natural frequencies forahglational mode shape of
the 3-PPEXYZFPM can be calculated as

1 /31300

Ix = 50\ o300 = BH%
1 /31300

Iy = 52\ oq0a © 8%
1 /31300

fz = 52\ oas0a = T3HA

5.4 Exact Modeling of 3-PPPXYZFPM

5.4.1 Static Analysis of Prismatic Joints

It has been mentioned in Sectiét?, the two types of prismatic joints used in the pro-
posedXYZFPM have the same working principle and stiffness, and dingesanalytical

method can be used. Only analysis of the prismatic joint@n4R2(a)is presented here.

Substituting the dimensions in Tabfel into equations 4.24) to (4.13, the internal

moment)M; can be calculated as

Aﬁ,:-ﬁ§£35. (5.24)
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Substituting $.24) into equations4.7) to (4.9), the angular deformations can be rewrit-

ten as

“ 10.5F (18 — 3.5sin ) cos
0,(a) / ( ) cosy

96F£(3.7 — 3.5cos7)?

%
o} 1134.5138 tan § — 0.2954

F
— T [188.6971 arctan(6 tan ~
o arctan(6 tan ) + 36 tan” & + 1

754.7882 tan § + 5.4645
(36 tan* § + 1)

] (5.25)

dr +

0
2(7) n 202.612E E

/w F(11.5 — z) 592.9109F
2

F
= E(—O.OOle2 + 0.0768x + 592.9109), (5.26)

05(3) = /5 —12.25F sinycosy ,  0.6719F
T ) 2B 35 E
107.8045 tan 2 — 0.2954
36 tan? g +1

F
- 5[17.9305 arctan(6 tan é) +

2

71.7220 tan & + 5.4645
(36 tan? 2 + 1)2

— 0.6719]. (5.27)

The linear deformations and the constraints can be repestas

Yi(a) = /Ql(a)Rcosada

DHF 1134.5138 tan & — 0.2954
= / %[188.6971 arctan(6 tan g) + 2

2 36 tan® § + 1
754'Z§:f;j;§ili'3645] cos ada, (5.28)
e (5.29)
Yo(z) = /92(x)dx
= / %(—O.OOle2 + 0.0768x + 592.9109)dz, (5.30)
Yi2R) = Yi(3), (5.31)

(5.32)
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Yi(8) = / 64(8)R cos A

5F 107.8045 tan 2 — 0.2954
- / 358117 9305 arctan(6 tan 2 + oo
E 2 36 tan2 s+1
71.7220 tan 2 + 5.4645
% 5 — 0.6719) cos BdS, (5.33)
(36 tan? 2 + 1)2
T
Yi(—=) = Yao(L). (5.34)

2
By solving equations.28) to (5.34), the linear deformatiols(7) at P; can be obtained,
and the linear stiffness of the single limb can be calculatgdg @.21) as
F/4
Ya(3)

The equivalent linear stiffness of the prismatic is idegitio that of the single limb, and

Ky _p, = ~ 7.31N/mm. (5.35)

(4.22 can be calculated as

The equivalent mass of the prismatic joint can be calculagiug @.27) as

M =0.0211Kg. (5.37)

5.4.2 Dynamic Model of 3-PPRXYZFPM

The dynamic equation derived using the proposed exact nmgdelethod has the same
format as that from the PRB model. The equivalent mass anédbialent stiffness

matrices of the 3-PPRYZFPM are obtained as

M{}/l + M{}Q + ]\4{53 0 0
TnU1 + mvl + mys
e 0 Mgy, + Mg, + Mg, 0 |
my, + My,
0 0 M{,*V3 + M{jl + M{j2

my, + My, +my1 + Mys2

Ky, + Kfh, + K, 0 0
K* = 0 Ky, + Ky, + Ky, 0
0 0 Ky, + Ky, + Ky,
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Substituting the dimensions in Tabiel, the matrices of the equivalent mass and the

equivalent stiffness can be calculated as

0.1265 0 0

M* = 0 0.1065 0 Ky,
0 0 0.1465

2193 0 0
K* = 0 2193 0 N/mm.

0 0 21.93

Based on the above matrices of mass and stiffness, the hiatapaencies for the trans-

lational mode shape of the 3-PRRZFPM are obtained as

1 /21930
o ~ 66.3H
Ix 57\ 01265 =~ 9038 %
1 /21930
o T ~ 72.3H
Iy 57\ 01065~ (23 A
1 /21930
yo= — ~ 61.6Hz.
Iz 57\ 0145~ OLOH=

(5.38)

5.5 Summary

In this chapter, the generalized dimension optimizatiopreach has been proposed,
based on the static performances of flexure mechanismstifiness, workspace, stage
size and parasitic motion. The structure of a 3-BRZFPM has been designed. Using
the generalized dimension optimization approach, the d#woas of the 3-PPXYZ
FPM have been determined. The designed large-motion pisjoant has the large
workspace of2.3mm and large relative motion range @f:. The assembled 3-PPP
XYZFPM also has the large workspace2atmm and the large motion range of80.
The exact stiffness and dynamic models of the 3-RREEFPM have been formulated

using the exact modeling method proposed in the previoysteha
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Prototype, Simulation and Experiment

In this chapter, the prototype of the 3-PRNZFPM is presented. The static perfor-
mances of the 3-PPRYZFPM and the new prismatic joint designed in Chapter 3, in-
cluding stiffness and parasitic motion, are tested. Theahsinulation is conducted
to study the mode shapes which occur in the actual operafioa.hammer test is con-
ducted to measure the corresponding natural frequencitbe gimulated mode shapes.
These experiments aim at validation of the structure designdimension optimization

and the exact modeling method.

6.1 Prototype Development

In development of flexure mechanisms, selected materialufaaturing error, actuation
and sensing can influence the positioning precision of feexaechanisms. Determina-

tion of these aspects become important for flexure mechanism

6.1.1 Material Selection

The property of the selected material is important to théoperances of flexure mecha-
nisms. The material selection should meet the requirenténésge deflection strength
S,/ E, high strengthS,, low internal stresg/QE and low thermal expansioly<). E,
Sy, k and() are Young’s modulus, yield stress, thermal conductivitg &mermal ex-

pansion coefficient respectively. The materials that candsal in flexure mechanisms

85
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Table 6.1: Properties of AL 7075

Material E Sy p 1/Q

AL 7075 | 72N/mm? | 510N/mm? | 2.8kg/dm? | 23 x 1076/°C

include aluminium, titanium, steel and beryllium copp@2][

Several aluminium alloys are available and commonly usééxoure mechanisms. Alu-
minium is not stiff and its density is the lowest in these Rlde materials. Among
aluminium alloy, 2000, 6000 and 7000 are the only heat tbhéatseries, where strength
improvement can be achieved by precipitation hardenin@owit any cold working ,
which adds significant amounts of internal stresses. AL 20B1AL 7075 are aircraft
alloys that offer very high strengths, whereas AL 6061 is c@n for regular use and
has a moderate strength. Judged by the phase stability n§akriod of time, AL 6061

and AL 7075 are recommended for precision instrumedtp [

Beryllium copper and titanium are stiffer than aluminiumgdahave larger density than
that of aluminium. Beryllium has good thermal performansegh as low thermal ex-
pansion. Its drawback is that it cannot be used in flexure ar@sims under vibration,
because its deflection is very small in case of vibratiorariim has poor thermal con-
ductivity and moderate thermal expansion, more like thaeodmic. Steel is the stiffest

material, and has large density offering high damp®}.[

With the consideration of materials properties, fabrmathnd cost, AL 7075 is selected

as the material of the 3-PP®YZFPM. The properties of AL 7075 is listed in Tab&1

6.1.2 Manufacturing and Assembling

Because of the requirements of small size and high toleraiftexure mechanisms, the
conventional machining is not suitable to fabrication okdiee mechanisms. EDM is a
common machining method for fabrication of flexure mechasisThere are two types
of EDMs, i.e., plunge EDM and wire EDMBP).
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Plunge EDM

Plunge EDM utilizes electric discharges to erode local aiaa surface as a shaped
electrode is brought into close proximity to a grounded paeke surface. A shaped
electrode is produced using conventional machining. Thekmiece is immersed in a

dielectric fluid. A potential is then applied to the electeaahd it is lowered towards the
workpiece surface until electric discharges are produégddctrodes are usually made
from materials with a high melting temperature and highrakeat of melting. Graphite

is often used for shaped electrodes, while tungsten wires@nmonly used to produce

small holes of high aspect ratios.

Wire EDM

In wire EDM, the electrode is a thin wire that is continuouglgt through the workpiece.
This is then electrically energized and used to erode a thanthrough the workpiece
material. Moving the wire in a controlled path through the@men results in the desired
geometry. In practice, wires ranging in size fran925mm and 1mm are common.
Presently, capital cost of these machines is high, and thented costs of wire and
filtering of the flushing fluid limit this process to the prodion of precise flexures.

Some of the advantages of wire EDM for flexures are listed kmsis.

e Components of almost arbitrary complexity can be produced.

e Any reasonable conductor can be machined enabling chaoetfie hardest ma-

terials.

e For thin wires, the gaps between surfaces can be corresggndimall, enabling

the design of compact mechanisms.

e Being capable of machining to depths G0 — 200mm, geometry of high as-
pect ratio can be produced making possible designs with iratibs of stiffness

between the free and constrained directions.

¢ Highly automated machines capable of re-threading actatlgibroken wires can

be left unattended, therefore reducing labor costs.
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e Workpiece can be stacked to produce multiple componentsavsingle machin-

ing cycle.

Under controlled conditions, it is not unreasonable to poedcomponents holding tol-
erances within a few micrometers and with sub-micrometefase finish. Flexures
measuring).1lmm in the thinnest portion are routinely manufactured. Althlosome
surface alteration must occur, no significant problemsedbsy this have been observed
in flexures of these dimensions. Current machines can pecchuyoponents to accuracies

of better than a few micrometers.

The 3-PPPXYZFPM designed in this project is fabricated using wire EDMeWwidth
of the thinnest portion of the notch hingeidmm, and the tolerance af0.01um is

assigned.

6.1.3 Actuation

Performance of the actuators for flexure mechanisms aieatrio the precision of the
flexure-based mechatronic system. Main types of commeacialators driving flex-
ure mechanisms include PZT actuator, mechanical micranaetg VCA based on the

electromagnetic theorpp].

PZT material experiences a dimensional change upon apiphaaf an electrical poten-
tial gradient. Based on this property of the PZT materiahe®ZT actuators have been
produced and applied, such as the piezoelectric stacktacsuzy US EuroTek, Inc94]
and the ultra-reliable piezo actuators by Pl (Physik Imagnte) L.P. §5]. These PZT
actuators have the advantages of large output force andésgionse speed. Whereas,
their drawbacks are small stroke, usually beltW.m, hysteresis and creep. Hystere-
sis and creep introduce nonlinear errors into the flexusethaystem,which cannot be

easily compensated.

Standard micrometer screws provide a low cost solution teynshort to medium range
drive applications. The open-loop micrometer can achibeegpbsitioning precision of
1 — 2um. The closed-loop micrometer has the positioning precisioin 1 m. Its dis-

advantages include backlash caused by screw, temperansgiiaty and nonlinearities.
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Table 6.2: Characteristics of actuators

Actuator PZT Micrometer VCA
Force Large Large Small (within 100N)
Stroke | micrometer| millimeter millimeter
Stiffness High Medium ~ 0
Linearity Poor Moderate Good
Continuity Yes No Yes
Accuracy | Medium Low High (nanometer)
Cost Medium Low Medium

Picomotor 8301-8341 by New Foclg4 is a combined product of PZT and micrometer
with the resolution oB0nm. This type of actuators have the advantages of large output
force and large stroke, but their resolution and repeatghbile poor because of backlash

of screws.

In precision electromagnetic devices, a saturated pemtanagnet is surrounded by a
coil. A force is generated between the magnet and the coi¢hwh proportional to both

the strength of the magnet and the gradient of the field fracthl perpendicular to the
axis of the magnet. The force can be transferred to the flexehanism to generate
a desired displacement. Above is the working principle ofA¢C The advantages are
large stroke, high linearity and high accuracy. Howeveg, datput forces are small,

usually within100N.

Evaluating the three types of actuators in aspects of oditpae, stroke, linearity, ac-
curacy and cost (listed in Tab&2), in this project, the voice coil actuator AVM 60 by
Akribis [1] is selected, of which specifications are listed in T&hk The VCA is driven
by a linear amplifier TA115 by Trus®[].
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Table 6.3: Specifications of AVM 6Q]

Unit | AYM 60
Stroke mm 25
Force costant N/A 15.7
Continuous force | N 314
Peak force N 94.2
Continuous current| A 2
Peak current A 4.7
Resistance Q 5.2
Max coil temperature °C' 155
Coil assembly masg g 316

6.1.4 Sensing

In order to obtain the stiffness, the displacements of tiwatic joint and the 3-PPP
XYZFPM are needed to be measured. The ultra high accuracydagpéscement meter
LC2400 series by KEYENCEZ] is used to measure the displacements. LC2430 and
LC2440 are used in this project. The specifications aredistdable6.4.

The force sensor is also used to measure the output forcee @fdtuator to the single
prismatic joint and the 3-PPRYZFPM. The specifications of the six-dimensional Nano
43 F/T Transducer by ATH] are listed in Tablé.5. Only the Z-axis sensory cell is used
to measure the one-dimensional force applied to the singmgtic joint and the 3-PPP
XYZFPM.

6.2 Static Test of Prismatic Joint

To verify the proposed exact modeling method in Chapterel sthtic test is conducted

to measure the linear stiffness of the single prismatictjoirhe force exerted on the
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Table 6.4: Specifications of laser displacement seror [

LC 2430 LC 2440

Measuring Range 40.5 mm +3 mm

Operating Distance 30 mm 30 mm

Resolution 0.02um 0.2um

Linearity +0.5% of F.S.| +0.5% of F.S.

Sampling Frequency 50 kHz 50 kHz

Response Frequengy 20 kHz 20 kHz

Response Time 100 m 100 um
Measuring Stability| +0.2% of F.S.| +0.03% of F.S.

Table 6.5: Specifications of Nano 43 F/T Transdu&r [

Sensing Range Fx, Fy, F; (= N) 36

Ty, Ty, Tz (= N) 05

Resolution | Fy, Fy, Fz (£ N) | (1/512)x 36

Ty, Ty, Ty (= N) | (1/40000)x 0.5
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Figure 6.1: Experimental setup of prismatic joint

Table 6.6: Results of linear stiffness of prismatic joint

Experiment PRB Nonlinear method

Value 7.79N/mm | 10.4N/mm 7.31N/mm

=

Percentage Errg 33.5% 6.2%

prismatic joint and the output displacement are neededdicutating the stiffness. The
actuation force is measured by the six-dimensional foroe@e=T05270 (ATI), and the
displacement is detected by the laser sensor LC2430 (KEYENThe experimental

setup is shown in Figs.1

The experimental data, the forces and the displacemestg|aited in Fig.6.2 Based
on these data, a straight line is fitted with the slopé2#.3m/N. The reciprocal of

the slope is the linear stiffness of the prismatic joint, diieth value is7.79N/mm.

Table 6.6 lists the results of the stiffness of the prismatic joint.eTdtiffness from the
PRB method is calculated from). It shows that the exact modeling method is more
accurate than the PRB method. The modeling accuracy isasedesignificantly. The
percentage error between the values from the exact modaktigod and the experiment

may be due to manufacturing error and sensing error.
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Figure 6.2: Experimental result of linear stiffness of pragic joint

6.3 Static Tests of 3-PPIXYZFPM

In this section, the static performances of the 3-RRZFPM are tested, including the
linear stiffness and the parasitic motions, to verify thegased exact modeling method

and the decoupled kinematic structure.

6.3.1 Stiffness Measurement of 3-PPRYZFPM

The linear stiffnesses of the 3-PR& ZFPM along the X-, Y- and Z-axes are deter-
mined respectively. The linear stiffness is the ratio of tieasured actuation force to
the displacement. The six-axis force sensor FT05270 is teduon V7, W, and W5
joints respectively, to measure the actuation forces. @abkerlsensor LC2430 is used to
measure the displacements of the end-effector along thacYaaxes respectively. The
end-effetor is located at the center of the 3-PRPPZFPM. Fig.6.3 shows the experi-

mental setup for measuring the linear stiffness along tlaeiy-

The input forces and the output displacements are measndgaletted, and these sam-

pled points are fitted with the straight lines. The slopes$efitted straight lines describe
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- Force sensor | -
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Figure 6.3: Experimental setup of 3-PRFZFPM

the linear stiffnesses of the 3-PRZFPM. In Fig.6.4, the first fitted straight line de-
scribes the stiffness along the X-axis of the 3-PR¥ZFPM. The slope of the straight
line is39.1um /N, and its reciprocal is the linear stiffness2f.6 N/mm. In Fig. 6.5,
the second straight line describes the stiffness along theisfof the 3-PPIXYZFPM.
The slope of the straight line #9.4,m /N, and its reciprocal is the linear stiffness of
25.4N/mm. In Fig. 6.6, the third straight line describes the stiffness along thexid

of the 3-PPRXYZFPM. The slope of the straight line39.6.m /N, and its reciprocal is

the linear stiffness o£5.3N/mm.

Comparison of the linear stiffness values from the PRB nubtlloe exact modeling
method and the experiment, is shown in Tablé The stiffness from the PRB method
is calculated fromJ.20. The result from the exact modeling method is closer to the
actual value than that from the PRB method. The differendevden the analytical

value and the experimental result may be caused by mantifsgand assembly errors.

6.3.2 Parasitic Error Measurement of 3-PPPXYZFPM

Measurement of the parasitic motions of the 3-P&2ZFPM aims at verifying design
of the decoupled kinematic structure. The parasitic matiohthe 3-PPPXYZFPM

presented here, include the cross-axis error and the paragation. The cross-axis
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Figure 6.6: Z-axis linear stiffness

Table 6.7: Results of linear stiffness of 3-PR¥PZFPM

Experiment PRB Nonlinear methog
X | 25.6N/mm | 31.3N/mm 21.93N/mm
Stiffness Y | 25.4N/mm | 31.3N/mm 21.93N/mm
Z | 25.3 N/mm| 31.3N/mm 21.93N/mm
X 22.3% 14.3%
Percentage errarY 23.2% 13.7%
Z 23.7% 13.3%
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error is defined as the displacement ratio of the unactuatedto the actuated-axis. The
parasitic rotation is defined as the rotary angles of theedfesttor when the translational
motions are actuated. There are two sets of experimentarkicted to evaluate the
parasitic errors of the 3-PPRYZFPM.

The first set of experiments are conducted to evaluate thes-@wis errors of the 3-
PPPXYZFPM. The experimental setup for measuring the cross-asagsseis shown in
Fig. 6.3 When the force, e.g., along the Y-axis, is generated to plusimechanism,
the force sensor measures the linear input force, the lassos LC2440 measures the
Y-axis displacement at the end-effector, and LC2430 meadhe X-axis displacement
simultaneously. The displacement ratio of the unactuatesito the actuated-axis, e.g.,
the motion ratio of the X-axis to the Y-axis, can be calcudashown in Fig6.7(a) The
same input forces are fed along the Y-axis, the laser serG2440 measures the Y-axis
motion, and LC2430 measures the Z-axis value. The motiomoéthe Z-axis to the Y-
axis can be calculated, shown in F&g7(b) Thus, the cross-axis errors along the X- and
Z-axes can be obtained, when the Y-axis motion is actuatbd.s@me procedures are
applied to measure the cross-axis errors when the X- anceg4apotions are actuated,
shown in Fig.6.8(a) Fig. 6.8(b) Fig. 6.9(a)and Fig.6.9(b) The Table6.8 lists the
maximum cross-axis errors of the X-, Y- and Z-axes. It candrecluded that the cross-
axis errors of the 3-PPRYZFPM are smaller tha2%. Note that LC2430 with the
resolution 0f0.02m and LC2440 of).2um are used to simultaneously measure the two-
axes motions. In the ideal situation, the displacementassngith the same resolutions
should be utilized to measure the two-axes motions simedtasly. Due to the hardware
limitation, LC2430 and LC2440 are used, but they do not &ffee measured results.
The high-resolution LC2430 is used to measure the unacttgats motion, and the
low-resolution LC2440 is applied to measure the actuaseslvaotion. The resolution
ratio of LC2430 ro LC2440 i3 /10, which means that the limit of the measured cross-
axis error isl0%. The cross-axis error below)% can be measured accurately, and the
measured values are all equallt@ if the real values are larger thai0%. Since the

measured values in our experiments 2ifg below10%, the results are still credible.

The second set of experiments are conducted to obtain thsiparotations at the end-

effector. In dimension optimization in Chapter 5, the pai@sotations are considered



Chapter 6 98

1.8 1

1.4 % -

1.2+ . . . . . . . -

0.8 ¥ N

X- /Y- axes displacement %
*
*

0.6 ,

0.2 .

0 I I I I I I I I
1 2 3 4 5 6 7 8 9 10

Y-axis force (N)

(a) X/Y error

18

1.6 % -
1.4 x

0.8 4

0.6 -

Z- | Y—axes displacement %
*

*

0 I I I I I I I I
1 2 3 4 5 6 7 8 9 10

Y-axis force (N)
(b) Z/Y error

Figure 6.7: Y-axis cross-axis errors
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Table 6.8: Results of cross-axis error of 3-PRPPAZFPM

Actuated motion| Unactuated motion Maximum cross-axis error

Y 1.9%

X
Z 1.7%
X 2%

Y
Z 1.7%
X 1.8%

Z
Y 1.9%

Table 6.9: Results of the cross-axis error of the 3-RFEFPM

Fx—ey FY—GX FZ_QY

1.5mrad| 1.3 mrad| 1.3 mrad

by minimizing the ratio of\ defined in Section 5.2. The rotary errors are measured here,

listed in Table6.9. The maximum angular motion is smaller thefmrad.

6.4 Modal Analyses of 3-PPRXYZFPM

In this section, the modal analyses of the 3-PRPPZFPM are conducted. the FEM
simulation is conducted to study the mode shapes, that isthev3-PPPXYZFPM
deforms. The hammer test is conducted to obtain the nat@@gli€éncies corresponding
to the simulated mode shapes, that is under what kind of &ioas the 3-PPXYZ

FPM can operate.
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6.4.1 FEM Simulation for Mode Shapes

The modal analysis is implemented for evaluating dynamitop@ances of the 3-PPP
XYZFPM. Since flexure hinges have infinite flexibility, not owlye-axis motion is acti-
vated. Usually the motion of the flexure mechanism is the éoation of several mode
shapes. The modal analysis studies what kinds of mode shapesxtivated and how

they are stimulated.

According to the selected material of AL 7075, in ANSYS, thatemial properties are
defined with Young’s modulug€ of 72G Pa, Poisson’s ratio 0f).33 and density of
2800kg/m?3. Then the solid model is established, and it is required tonbshed for
further static analysis and modal analysis. The elementiieshing is selected as 20-

node SOLID95 for achieving high accuracy of the simulatiesuits.

The displacement constraints are applied according todtualexperimental setup be-
fore performing analyses. Three VCAs are mountedligniy, andW¥; joints, and each
actuator will activate one-axis translational motion andstrain two other axis transla-
tional motions. Thus, each prismatic joint is allowed far $sensitive-axis motion and
constrained for two other axe8l; joint is allowed to move along the X-axis and fixed
along the Y- and Z-axes. Similarly}; joint is allowed to move along the Y-axis and
fixed along the X- and Z-axe$V; joint is permitted to move along the Z-axis and fixed

along the X- and Y-axes.

By checking the modal results, it is found that the followiihgee mode shapes con-
tribute to the operation of the 3-PRXY ZFPM. The first-, second- and third-orders mode
shapes describe the translational motions along the XH)&Zaaxes, which are desired,
as shown in Fig6.10(a) Fig. 6.10(b)and Fig.6.10(c) The eighth mode shape (shown
in Fig. 6.10(d) is facile to occur when the translational motion opera@ther mode
shapes are not related to the actual deformations when th¥->&nd Z-axes motions
are actuated. Existing of the eighth mode shape partiapyjaéxs the parasitic rotations

at the end-effector listed in Tab&8. The eighth mode shape is caused by the parasitic
motions of the prismatic joints. As illustrated in Fig§.11 the desired deformation of

the single prismatic joint is to generate the translationation. Actually, the parasitic
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Figure 6.10: Mode shapes of 3-PRFZFPM

bending occurs in the prismatic joints, when nine piecesrishpatic joints are assem-
bled as shown in Figh.2 The parasitic bending of the prismatic joint is transfére

the end-effector, and the parasitic rotation occurs. Iratteve analytical modeling, the
first-, second- and third-orders mode shape are considanethe eighth mode shape is
difficult to be modeled. Therefore, the eighth mode shapeganded as the unmodelled
uncertainty. In the control algorithm design, the probleinthe unmodeled uncertainty

will be solved. The corresponding natural frequenciesiated in Table6.10

6.4.2 Hammer Test for Natural Frequency

The hammer test is conducted to obtain the natural freqasrar the translational mo-

tions simulated by ANSYS. The experimental setup is showkign6.12 The working
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Figure 6.11: Mode shapes of prismatic joint

Table 6.10: Natural frequencies of 3-PRFZFPM by ANSYS

Mode shape Natural frequency (Hz

1 76.265
2 80.360
3 82.276

8 230.770
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Table 6.11: Specifications of accelerometer

Measuring Range| +500g

Sensitivity 10.26 mv/g

Resonant Frequengy 70.0 KHz

Table 6.12: Results of natural frequencies of 3-BRZFPM

Experiment| PRB | ANSYS | Nonlinear method

X 56Hz 78Hz| 80Hz 66Hz
Natural frequency Y 50Hz 85Hz | 82Hz 72Hz
Z 50Hz 73Hz| 80Hz 62Hz

principle of the hammer test is to stimulate the mechanism ta measure the accelera-
tion of the end-effector. The acceleration data in the timmain is transferred to those
in the frequency domain using Fourier function. From thadathe frequency domain,
the natural frequencies can be obtained. A pulse force idbyed hammer impact at
W1 joint along the X-axis. The accelerometer listed in Tabl#lis attached on the
end-effector to track the dynamic responses of the 3-RPRFPM. The sampled ac-
celeration data are computed in the Fourier analyzer, amddtural frequencies can be
obtained, as shown in Fi§.13 The first natural frequency is aboiiH z, and the cor-
responding mode shape of this natural frequency is the fiostenshape obtained from
the ANSYS simulation in the previous section. The same hos are applied to mea-
sure the natural frequencies for the Y- and Z-axes trawslatimotions in Fig6.14and
Fig. 6.15 The results of the natural frequencies from the experinteetPRB method
using 6.24), the ANSYS simulation and the exact modeling method usthgg are
listed in Table6.12 These results also verify the proposed exact modeling adeth

more accurate than the conventional PRB method.
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Figure 6.15: Z-axis natural frequencies of 3-PRPZFPM

6.5 Summary

The stiffness measurement of the single prismatic jointdees conducted to verify the
proposed exact modeling method. The experimental reshdts ghat the exact modeling
method has been more accurate than the conventional PRBdnéthe stiffness of the
3-PPPXYZFPM is also measured to validate this method. The decoupiesimatic
structure of the 3-PPRYZFPM is also verified. The experimental results show that
the cross-axis errors of the 3-PRZFPM are within2%, and the parasitic rotations
are smaller thari.5mrad. The ANSYS simulation has been performed to study the
mode shapes of the 3-PRYZFPM, and the results explain the parasitic rotation. The
hammer test has been conducted to obtain the natural freigseior the translational

motions.
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Robust Control Algorithm Design and

Implementation

The 3-PPPXYZFPM is expected to achieve a high positioning precisiof. bfim and

a fast dynamic response with a short settling time. To aehibgse two requirements,
several common problems of flexure mechanisms must be solivesdthe reason why
the controller is introduced to the flexure-based micromaliaitor. In this chapter, the
common problems of flexure mechanisms, deteriorating teipning precision and the
dynamic response, are investigated and summarized. Adgbritroller with position
control and vibration control with high robustness is dasjand implemented for the
3-PPPXYZFPM.

7.1 Problems of Flexure Mechanisms

Generally, there are three problems, which are common inriéesnechanisms, deterio-
rating the positioning precision and the dynamic respomke.three common problems

are explained as follows.

e Unmodeled mode shapes and unmodeled parameters
Since flexure hinges or flexible components possess mudtitkexibility, multi-

mode shapes of flexure mechanisms are stimulated in thel agiaeation. In

109
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derivation of the dynamic equations of flexure mechanismly, low-order mode
shapes describing the expected deformations are congidétiggh-order mode
shapes are difficult and usually neglected in the dynamiatopus. Hence, omis-
sion of high-order mode shapes introduces unmolded modeeshato the ana-
lytical dynamic model.

Although the expected low-order mode shapes are formylatsdlso difficult to
describe the actual deformations of flexible componentsceethere are unmod-
eled parameters in the matrices of mass and stiffness inytienaic equations.
Unmodeled mode shapes and unmodeled parameters are callathadeled un-
certainties. Unmodeled uncertainties make it difficult ¢ontrollers to achieve

high positioning precision.

e Vibration
Different from rigid-body mechanisms, flexure mechanisragehno the assem-
bled joints, where friction is generated. Friction conitis to damping of rigid-
body mechanisms. In flexure mechanisms, damping origifiegesthermal dis-
sipation during elastic deformation. Thermal dissipatiofiexure mechanisms is
far smaller than friction in rigid-body mechanisms. Acdogly, vibration caused
by low damping is another common problem in flexure mechasidrhus, vibra-

tion is required to be suppressed to ensure fast dynamiomssp

e External disturbances
The expected positioning precision of flexure mechanismsuslly high to micrometer-
or submicrometer-scale. Even small external disturbaceesiffect random posi-
tioning errors. Thus, sensitivity to external disturbaiseneeded to be restrained

to ensure the positioning precision and the fast dynamjmorese.

In order to solve the above three problems, the controllestrpossess the following

characteristics.

e High robustness
Unmodeled uncertainties and external disturbances ate difficult to be for-

mulated by the exact models. Thus, the conventional coatgarithms, which
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require the exact dynamic equations, e.g. PID control, atesuitable to flex-
ure mechanisms, because the parameters of the contrakefxed and cannot
compensate the variances in the closed-loop system. Resmhanges caused
by unmodeled uncertainties and external disturbances gnbe described by
an enveloping boundary. With knowledge of the envelopingruoary, the robust
controller can ensure the expected high positioning pi@tisf flexure mecha-

nisms.

e Hybrid algorithm with position control and vibration coalr
Position control with high robustness is not complete tauems good response
of the flexure mechanisms. Evaluation of a good responsadasla high posi-
tioning precision and a fast dynamic response with a shitirggtime. Vibration
is an inherent phenomena of flexure mechanisms, becausw afdmping, and
may elongate the settling time. Vibration control is reqdito be incorporated to

ensure a fast dynamic response.

Thus, to ensure a good response with a high positioninggicecand a fast response, a
hybrid controller with position control and vibration cooitis necessary to be developed
for flexure mechanisms. Here, a hybrid controller with highustness is designed based

on theH .-theory and implemented in the developed 3-PPZFPM.

7.2 Preliminaries of H,.-Control

The robustH .-control theory §9] is suitable to the system with multiple sources of
uncertainties, noises and disturbances, as shown irVHi¢g) In our project, we cover
the synthesis problem. The synthesis problem is definedsagrdieg a controller so that
the controlled signals satisfy the desired propertieslfadmissible noises, disturbances
and model uncertainties. Most of the synthesis problemseararried out in a unified
linear fractional transformation (LFT) framework, as stmow Fig.7.1(b) Let P be the
interconnection matrix/X' be the controller/\ be the set of all possible uncertainties,

w be a vector signal including noises, disturbances andardersignals; be a vector
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Figure 7.1:H_,-control system

signal including all controlled signals and tracking estar be the control signal, ang

be the measured displacement at the end-effector.

DefineT’,, as the transfer matrix froma to z, and assume that the admissible uncertainty
A satisfies||All.. < 1/, for some~y, > 0. The synthesis problem is to design a
controller K" so that the closed-loop system is stable for all admisgidad|| 7., || <

7, for some prespecifiegl, > 0, where||T,, ||~ is the H,, norm defined a§7%, |« =

SUP,o (T (jw)).

For multiple sources of uncertaintigssynthesis is used to obtain the controliér The

general LFT framework in Figi.1(b)can be converted to that in Fig.2(a)

My Mo
M(s) = Fi(P(s), K(s)) = : (7.1)
My Moy

whereA is an x n block diagonal, and/ includes all the weight functions,

Z(S) = {dzag [61[7“17 e 76517”37 Al, e ,AF] . 52 € C, A]’ - ijxmj}. (72)

The value ofu is defined as

1
Min{ Omaz (A)|A € A, det(I — My A) =0}

Thus, the controller design can be briefly explained that e that the admissible un-

pia (M) = (7.3)

certaintyA in Fig. 7.1(b)satisfieq|Al|., < 1/7, for somey, > 0, the synthesis problem
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Figure 7.2:u-synthesis

is to design a controllek” so that the closed-loop system is stable for all admisgile
that is, supux(Mi1(jw)) < 1/~,. For actual design of implementation, MATLAB has

the u-synthesis toolbox aiding the solution &f controller.

7.3 Experimental Setup

The experimental system is set up for the open-loop ideatifin and the closed-loop
control implementation. The open-loop identification aehsneasurement of the open-
loop responses and obtaining the boundaries of uncedaiofithe entire system. The

boundaries of uncertainties will be used to the followingtcol algorithm design.

The closed-loop system is established for implementatidgheodesigned controller, as
shown in Fig.7.3and Fig.7.4. One control cycle operates in the following manner. The
controller sends out a voltage signal to the linear amplifecording to the expected
displacement at the end-effector. The current convertewh fihe voltage by the lin-
ear amplifier is the input of the VCA, and the VCA generatesrad@ushing the 3-PPP
XYZFPM. The 3-PPXYZFPM deforms and the translational motion at the end-eadfect
along the actuation direction is measured by the encoderattual displacement at the
end-effector is fed into the controller through the digitedut interface. The difference
between the expected value and the actual one is calcutatddhe compensation volt-

age is computed based on the predetermined control algorifliter one control cycle
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Figure 7.3: Signal flow of a closed-loop system

is finished, the next cycle is triggered until the desiredtpmsng precision is achieved.

The four-axis controller, 1-8430 Embedded Controller nfastured by ICP DAS 99,
provides four-channel analogue outputs in conjunctiorhilite actuators, the eight-
channel analogue inputs, and the three-axis digital inputsoutputs for encoder feed-
back and encoder blocks. The controller has compatibilith WIATLAB/Simulink,
and can support the model-based control design approaotedns that the control al-
gorithm designed in MATLAB/Simulink can be downloaded te thicrochip integrated
in the controller via the RS232 interface or the network. Therochip takes responsi-
bilities of error computation and compensation calcutatibhe cycle time is selected as

0.2ms, and the real-time control can be implemented.

The linear amplifier TA115 by Trust Automation INQY], which is a small-size brush-
type motor, is used to convert the voltage signals sent aum fthe controller to the
current signals, and the current signals drives the VCAodhiced in Chapter 5. An-
other amplifier is the PWM-type, such as Cello Digital Servav® by Elmo Motion
Control Ltd. [LOJ. However, the PWM amplifier introduces the ripple into thesed-
loop system as the input noise, which may reduce the positigrecision of the 3-PPP

XYZFPM. Thus, the linear amplifier is selected in this researatk.

The displacement sensor mounted at the end-effector isy\d&@0 SS-350c¢ by MicroE

Systems101]. The resolution i20nm, and the maximum speedig6mm/s.
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7.4 Robust Algorithm Design of Robust Position and Vi-

bration Control

7.4.1 Closed-Loop System Configuration
The robust control system of the 3-PRFZFPM is designed shown in Fig.5. The
parameters in Figl.5are explained as follows.

e K, isthe designed controller.

e ((5) is the nominal dynamic model including the actuator and HRPBPXYZ
FPM.

e 1 is the reference signal.

e y is the actual displacement at the end-effector of the 3-RPRPFPM.
e ¢ is the displacement error signal.

e 1 is the output of the controller.

e dis the disturbance from the unmodeled uncertainties.

e 7, Z, andZ; are the external outputs.

e Output weight functionlz;(s) determines the bandwidth and the steady-state

error of the closed-loop system.

e Output weight functiori¥z,(s) describes the additive uncertainties in the dynam-

ics model.

e Output weight functioriV;3(s) penalizes excitation of the first flexible mode and

thus provides for vibration damping.

The closed-loop system in Fig.5can be formulated as the standard format in Fi@.
The objective can be briefly explained as controller desagenisure the expected track-
ing performance and vibration suppression with robustteei®e unmodeled uncertain-

ties and noises. To ensure the tracking performance, he pasitioning precision, the
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reference signat must be the external input. To achieve robustness to the deled
uncertaintiesd must also be the external input. Thus, the external inpats$her vector

W = [r, d]. VectorZ = [Z, Z,, Zs] is the external outputs, anfd(s) is the general-
ized plant. The controlleK (s) is what we plan to design. The output weight functions
Wz (s), Wza(s) andWz3(s) are determined from the expected performance and are

estimated from the open-loop responses.

TheG(s) is the transfer function of the translational motion of tRBBPXYZFPM and
the VCAs, and it is also called as the nominal model. It is ahetieed by the analytical
dynamic model of the 3-PPRYZFPM and the parameters of the VCAs. 5140, the
dynamic equation for the translational motion of the 3-P&2ZFPM has been formu-
lated. The coil weight of the VCA i8.316K g, and this mass is attached on the flexure
mechanism. Thus, the dynamic equation for the transldtimoéon including the flex-

ure mechanism and voice coil actuator is given as usingithe K'g — N/m unit

Fy 0.4425 0 0 X 25400 0 0 X
F | = 0 04225 0 Yy |+ 0 25400 0 Y
Fy 0 0  0.4625 7z 0 0 25400 A

The transfer function of the X-axis translational motiom te given as

1
©0.442582 + 25400

G(s) (7.4)
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Figure 7.6:H.-control system

7.4.2 Dynamic Responses of Open-Loop System

The open-loop dynamic responses in the time domain undbt different input forces

along the X-axis are measured and plotted in Fig. From Fig.7.7, it can be seen that

there exist vibration lasting abo0i>s and ripple caused by the external noises.

Using MATLAB/Ident toolbox, the models of the eight opersfpdynamic responses

are identified as

—1.92 x 10~*s* + 0.45565> + 2185 + 3.16 x 10°s + 1.563°

Gi(s) =

G4(S)

$5 4 2134s% + 5.42 x 10°s3 4+ 9.159 x 10852 + 4.54 x 10105 4 3.817 x 1013’

(7.5)

1.513 x 107*s% + 0.1326s% + 108.2s + 7.558 x 10*

5% 4+ 50.085% + 4.313 x 10°s2 4+ 1.172 x 107s + 1.815 x 1010’

(7.6)

0.0001758s + 0.1233s* + 198.45% + 1.48 x 10°s?

s0 + 36.565% + 1.015 x 109s* 4 3.115 x 107s% + 2.697 x 1015
+5.744 x 1075 + 4.334 x 10"

7.7
+5.776 x 101225 + 1.055 x 1016’ (7.7)

1.308 x 107%s% + 0.1241s% 4 161.15% + 1.482 x 105>

s6 4+ 38.39s% + 1.011 x 10654 4+ 3.133 x 10753 + 2.686 x 10152
+5.093 x 107s + 4.185 x 10'°

7.8

+5.702 x 10125 + 1.051 x 1016’ (7.8)
1.513 x 107*s% + 0.1165s* + 166.75 + 1.435 x 1052

$0 +37.93s% 4+ 1.011 x 106s* + 3.15 x 107s% 4 2.683 x 10152’

+4.821 x 107s + 4.057 x 10'° (7.9)

+5.771 x 10125 + 1.05 x 106’
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Figure 7.7: Open-loop responses in time domain
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Figure 7.8: Open-loop responses in frequency domain

1.517 x 1074 + 0.1303s? 4 78.17s + 6.736 x 10*

Gg(s) = 7.10
() st 4+41.018% +4.333 x 10552 + 1.034 x 107s + 1.825 x 1010’ ( )
1.688 x 10~*s® 4 0.1209s% 4 74.49s + 6.491 x 10*
Gr(s) = 1 3 5 o2 6 10° (7.11)
st 4+ 33.06s3 + 4.315 x 10°s? + 9.68 x 10%s 4+ 1.814 x 10
1. 107 4¢3 1 2 2.1 234 x 10*
Gis(s) = 88 x 107%s” + 0.1039s~ + 72.16s + 6.234 x 10 (7.12)

s 4+ 32.255% 4 4.316 x 10552 + 9.494 x 10%s 4 1.816 x 100"

The eight identified models and the nominal modefl are represented in the frequency
domain, as shown in Fi@..8. Note that in Fig7.8, the high-order mode shapes between
600 rad/sec and900 rad/ sec are activated, and not included in the nominal model. The
high-order unmodeled mode shapes will be considered in ditygud weight function
Wya(s).

7.4.3 Determination of Output Weight Functions

Output Weight Function W, (s)

The output weight¥4 (s) considers the performance criteria of the steady-state err
and the closed-loop bandwidth/;; (s) gives a possibility to shape the sensitivity func-

tion S(s) of the closed-loop system. The sensitivity is defined as rdmester function
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Figure 7.9: Weight functions

from e to r. The lower||S(s)|| in low frequency, the smaller the steady-state error. If
15(0)]|« = ¢, the error in response to a step stimulation will be smaliant [102.
Therefore,c is selected as the steady-state erroi@f*, and the sensitivity function
S(s) is designed as

S(s) = m, (7.13)

S+ wp

wherewp is the desired bandwidth of the closed-loop systéiiy, (s) is the inverse of
S(s),
1

Wzi(s) = 508 (7.14)

Based on the results in Fi@.8, it can be concluded that the natural frequency for the
translational motion is aboWs H z. It is the natural frequency of the combination of
the 3-PPPXYZFPM and the VCA, and hence the value is smaller th&H > from the
hammer test in Chapter 5. The bandwidth of the closed-losfesyis chosen a$ H z,
according to the value g H z. In the meanwhilell’z (s) functions as a low-pass filter
in Fig. 7.9, filtering out the signals higher thai H z. Therefore,

s+94.2
W (s) = . 7.15
21(5) = g1 x 103 (7.15)

Output Weight Function TW,(s)

Wyo(s) describes the additive uncertainty due to the unmodeleertainties. The repre-

sentations of the real plarit(s) and the nominal plan®,,,,(s) in the frequency domain
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have been plotted in Fig..8 The real plant’(s) can be represented using the additive
uncertainty,

P(s) = Paom(s) + Wza(s)A, (7.16)
where P,,,,(s) is the nominal dynamic model based on the analytical déoraand

|Als < 1. The additive uncertaintif’;,(s) A can be derived as

Wya(s)A = P(s) — Prom($). (7.17)

Based on the open-loop responses under the different irthateeal plani®(s) is equal
to G1(s), Ga(s), Gs(s), Ga(s), Gs(s), Gs(s), Gz(s) andGs(s), respectively. Based
on the analytical model, the nominal plaRt,,.(s) is equal toG(s) in (7.4). Hence,

Wza(s)A, plotted in Fig.7.10 is calculated as,

Waza(s) Al = Ga(s) — G(s), (7.18)
Waza(s)Ala = Ga(s) — G(s), (7.19)
Waza(s)Als = Gs(s) — G(s), (7.20)
Waa(s)Ala = Ga(s) = G(s), (7.21)
Waza(s)Als = Gs(s) — G(s), (7.22)
Waza(s)Ale = Ga(s) — G(s), (7.23)
Waa(s) D]z = Gs(s) — G(s), (7.24)
Wa(s)Als = Gs(s) = G(s). (7.25)

The output weight functiol’z5(s) should envelopV 4, (s)A in all frequencies, and is

selected as
800(s2 + 300s + 9 x 10%)(s + 10%)

(s2 + 500s + 6.4 x 10°)(s + 106) °

Wza(s) = (7.26)
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Figure 7.10: Additive uncertainty

Output Weight Function W 3(s)

Wys(s) penalizes excitation of the first mode of the 3-PRPZFPM, and thus sup-
presses vibration at the natural frequency of the first mdéfe;(s) in Fig. 7.9 is ex-
pected to increase the gain at the natural frequenép bz, and remain small constant

at other frequencies B

2500

Wys(s) = .
78(5) (s2 4 0.15 + 48312.04) (s + 219.8)(s% + 94.2a + 63101.44)

(7.27)

7.4.4 p-Synthesize with MATLAB

Using the MATLAB/u-Toolbox, the 11-order controllel (s) is synthesized. The trans-

fer function is designed as

—6.408 x 10785 4+ 0.013635'0 + 41.665” + 4.144 x 10*s® + 1.128 x 10757

s1t 4 4028510 4+ 7.09 x 1095% 4- 8.082 x 10958 + 7.088 x 101257
—1.603 x 10'%s5 — 3.834 x 10355 — 3.722 x 10's? — 1.394 x 10"s?

+4.35 x 101956 + 1.582 x 1018s% + 4.065 x 10%0s% 4 1.14 x 102353
—1.815 x 10?'s? — 5.988 x 10%3s — 5.638 x 10*

+1.044 x 10%°s2 + 2.585 x 10%7s + 2.437 x 1026~

K(s) =

(7.28)

Bode plot of the controller is shown in Fig.11
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Figure 7.12: Dynamic responses from experiments
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7.4.5 Implementation

In order to verify the designed controller, two sets of ekxpents are conducted. The
first experiment is to measure the open-loop responses,oamsh Fig.7.12(a) The
force 12.7N is generated to push the 3-PRRZFPM along the X-axis, and the ex-
pected translational motion of the end-effector should.ben based on the nominal
model (7.4). However, influenced by unmodeled uncertainties, extefisurbances
and vibration, the actual displacement of the end-effastoricmm, with a positioning

error abouB%, and oscillation lasting more tha@nss.

The second experiment is to implement the designed coeitraid measure the closed-
loop response. After downloading the designed contralemto the microchip of
the 1-8430 Embedded Controller, the closed-loop systemogamate. The same input
force 12.7N is generated to push the 3-PRRFZFPM along the X-axis, and the end-
effector is expected to move5mm along the X-axis. The experimental result, plotted
in Fig. 7.12(b) shows that the positioning precision is improved with tlesiponing
error within the boundaries af0.1um, and vibration is also suppressed with a short

settling time aboub.1s.

7.5 Summary

A hybrid controller with position control and vibration doal has been designed using
the H . -theory. The controller is robust to the unmodeled unceties due to high-order
mode shapes and unmodeled parameters of flexure mechansa nonsensitive to
the external disturbances. The controller also suppregsegion caused by the inherent
low damping in flexure mechanisms. The dynamic performantdbe closed-loop
system are improved significantly. The positioning prexisof 0.1m and the settling

time of 0.1s are achieved.
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Conclusions, Contributions and Future

Works

8.1 Conclusions

Structure synthesis of large-displacement and decoupledYZFPMs

The characteristics of flexure mechanisms have been ige¢stl, and generalized as
the structure constraints. Based on these structure eamtstr structure synthesis of
the XYZFPMs with decoupled kinematic structures has been coadudthe 3-PPP, 3-
PRRR, 3-PPRRR and 3-PRRRP structures have been designedowdn a new type
of large-motion prismatic joint has been designed, andtfans as the fundamental
modules to configure thYZFPMs. Therefore, the synthesized decoup{t&d@FPMs

has the advantage of large motion range.
Exact modeling of synthesizedKYZFPMs

The exact stiffness models of the synthesiX&@FPMs have been formulated, based on
the lumped-compliance assumption. The compliance mattixeoRRR-limb, the mod-
ule for theXYZFPM configurations, has been obtained based on the exaqienice
formulation of flexure hinges. An exact modeling method,eolen the continuous-
compliance assumption, has been proposed and been appladulate the static and

dynamic behaviors of the new type of prismatic joint.

127
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Dimension optimization based on static performance

The critical static performances of flexure mechanismsunhelstiffness, motion range,
stage size and parasitic motion. To ensure flexure mecharpsssess the high static
performances, the dimension optimization approach has geperalized. Dimension
determination has been formulated quantitatively as amapproblem with the single-
objective. Therefore, dimensions can easily be deternbgehle standard single-objective

optimization algorithms.
Development of a 3-PPRXYZFPM

Based on the generalized studies of structure synthesist exodeling and dimension
optimization, a 3-PPRYZFPM with large motion range and decoupled kinematic struc-
ture has been developed. The experimental results showhéh& PPPXYZFPM pos-
sesses the decoupled kinematic structure, with the snuabeaxis errors belo@/% and
small parasitic rotations smaller thatbmrad. The results also show that the 3-PPP
XYZFPM has large motion range, with a workspace.8fnm and a large motion range
of 1/80. From the experimental results, the designed prismatit jsiproved to possess
the a workspace cf.3mm x 2.3mm x 2.3mm and a large motion range ©%. The ex-
act modeling method, applied to the designed prismatid goal the 3-PPXYZFPM,

is verified to improve the modeling accuracy significantlyhybrid position and vibra-
tion controller using thé/ . -theory has also been designed for achieving the positgpnin

precision of0.1um and the fast response with the settling time afs.

In summarization, compared to the current flexure mechanisur developed 3-PPP
XYZFPM has the advantages of a large workspace, a compactsitaga large motion
range, smaller parasitic motions, high positioning ptiecis Comparisons are listed in
Table8.1

8.2 Contributions

This research work contributes towards development ofatgelmotion and decoupled

XYZFPMs. This research work is important since more and moxerdemechanisms
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Table 8.1: Performance comparison of flexure mechanisms
Stages Workspace| Stage size | Motion Parasitic | Positioning
range motion precision
XY [10] Smm x| 300mm x | 1/60 cross-axis | NA
5mm 300mm 0.03%
rotation
0.5arcsecs
6- 100um x | > < 1/1000 | NA 0.25um
DOF [27] | 100um x | 100mm X
100pum 100mm
XY0,[28 | 100um x | > < 1/2000 | NA NA
100um x| 200mm X
0.1° 200mm
XYZ[32 | 200um x | > < 1/500 NA 0.1um
400um x| 100mm x
400pum 100mm x
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are required for micromanipulation with high positioningegision and fast response.

To summarize, the contributions are:
Design of large-motion prismatic joint

The new prismatic joint has the advantages of large motingeano parasitic motion,
no buckling and no stiffening. Increasing of the motion ruod the prismatic joint can
enlarge the workspace of the flexure mechanism significafitherefore, integrating
the new prismatic joint, the flexure mechanism can achieargelworkspace. If the
prismatic joint has parasitic motion, the parasitic motisay be transferred or amplified
at the end-effector of the flexure mechanism. Thus, the nessngtic joint without the

parasitic motion can significantly reduce the parasiticiamoof the flexure mechanism.
Structure synthesis of decoupledXYZFPMs

Study of structure synthesis of decoupl¥dZFPMs is necessary, because low-mobility
FPMs with decoupled kinematic structures are suitable amdimant for the require-
ment of high precision, and there is still no generic studysiynthesizing decoupled
XYZFPMs. Although, there are many studies for synthesizingpdpled XYZ rigid
mechanisms, flexure mechanisms have some differences aectorgstraints than rigid
mechanisms. These differences and constraints makewstsyinthesis method of flex-
ure mechanisms different from that of rigid mechanisms. differences and constraints
are summarized, and the structure synthesis method fougsmbXYZFPMs is gener-

alized based on the summarization.
Exact modeling

The exact modeling method for the new type of prismatic jsniseful, because it is not
only an exact method based on the continuous-compliancengg®n, but also it can
formulate the stiffness and the dynamics of the new prisimaiit exactly. Moreover,
it is generic and can be applied to a series of large-motimmatic joints introduced in

Chapter 2.

Dimension optimization based on static performances
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The generalized dimension optimization method based ostétie performances is nec-
essary. The method considers the critical static perfooesof flexure mechanisms, in-
cluding stiffness, workspace, stage size, parasitic matmd actuation ability. The pre-
vious studies about the optimal design of flexure mechantsmsider one or two items,
and no study summarizes and generalizes the entire stafarpances based method.
The generalized dimension optimization method mentiorexd fives the quantitative
representations of these static performances, and fotesués a single-objective opti-
mal problem. Thus, the method can be easily applied, by mibathe optimal solution

via the standard single-objective optimization algorighm
Hybrid position and vibration control with robustness

There are three common problems in flexure mechanismsunenpdeled uncertain-
ties caused by difficulty to model high-order mode shapegh kensitivity of external
disturbances and vibration due to the inherent low dampirtge hybrid control algo-
rithm integrates both position control and vibration cohtand solves the three common
problems simultaneously. Successful implementation®fisigned control algorithm
proves that the advanced control theory of fihg-theory is suitable to flexure mecha-

nisms and the further application is meaningful.

8.3 Future Works

The future direction of this project will include followingsues:
Modeling of nonsensitive-axis motion

The exact stiffness and dynamic models of the sensitiverartions have been derived.
Moreover, in dimension optimization, small parasitic matis considered. The cross-
axis error and parasitic rotation at the end-effector aowgut to be small through the
experimental results. However, there is still no analytioadel for formulating the

nonsensitive-axis motions. In the following works, thex 6 stiffness matrices of the

synthesizeXYZFPMs are needed to be formulated.

Optimal design based on dynamic performance
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The natural frequency for the X-axis translational modepshaf the 3-PPIXYZFPM

is 56 H z, and this value determines the closed-loop bandwidth abigtit. The smaller
the natural frequency of flexure mechanisms, the narroneclitsed-loop bandwidth.
For purpose of fast response of the closed-loop system atueat frequency of flexure
mechanisms is expected to be high. Therefore, the dyndvaiesd design becomes

necessary.
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